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PREFACE. 



In my treatise * On the Application of Wire to the Construc- 
of Ordnance/ published in 1884, I touched lightly on one 
or two questions relating to Internal Ballistics, such as 
chambering, slow-burning powder, and heat imparted to 

,^i the gun. 

o> Shortly afterwards I presented a paper to the Institution 

of Civil Engineers on " Guns considered as Thermodynamic 
Machines," which was published in the * Minutes ot Pro- 
ceedings,' vol. Ixxx., 1884-85 ; and in 1887, 1 printed a small 
pamphlet on Internal Ballistics, which, however, was only 
circulated among a few friends. 

The subject of Internal Ballistics appears to have met with 
comparatively little attention in this country, and although 
the researches of Dr. Hutton are very valuable, they, owing 
to the change of conditions, are inapplicable to a great extent 
to the present time. 

The researches of French artillerists of late years have shed 
a flood of light on the subject of the action of gunpowder, 
and especially those of M. £mile Sarrau, but these are 
scattered over a number of serial publications in France, 
many of which are not accessible to the general body of 
artillerists. M. Sarrau, with that spirit of liberality which 
characterises the true man of science, h«ts most kindly given 
me permission to make use of his investigations, and it is to 
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this that the most valuable part of the following treatise 
is due. 

In Chapter L I have briefly treated of Explosives in general. 

Chapter IL treats more particularly of Fired Gunpowder, 
the nature of the Products of Combustion, of Ignition and 
Combustion, the influence of the Form of Grain, the Temper- 
ature of Combustion, the Strength of Powder, the Loss of 
Temperature by the cooling action of the metal of the gun, 
and the Pressure and Movement of the Products of Com- 
bustion. 

Chapter IIL is devoted to M. Sarrau's investigations of the 
Formulae for Muzzle Velocity and Maximum Pressure. 

Chapter IV. contains a few remarks on the Designing of 
Guns, and on Pressure Curves. 

Cliapter V, treats of Guns as Thermodynamic Machines. 

I am fully sensible of the many imperfections of the 
present treatise, and of my own incompetency to treat this 
important subject in an exhaustive manner, but I am not 
without hope that it may be found useful and suggestive to 
those who are interested in artillery questions. My object 
has been, to the best of my ability, to combine theoretical 
investigations with practical utility. 

In the Eeport of the Eoyal Commission on Warlike Stores 
(1887), presided over by Sir James Stephen, a distinction 
is made between what is there called the "science of 
gunnery," and the " science of gun construction," and I am 
represented as claiming the latter as my special science. I 
never did anything of the kind, I certainly claimed to 
have a special knowledge of the subject of the application of 
wire to gun construction, but I did not, and could not, repre- 
sent gunnery as one science and gun construction as another. 
What I tried to show to the Commission, but apparently 
failed in, was that gun construction should be conducted on, 
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and guided by, scientific knowledge^ and that such know- 
ledge greatly depended on these theoretical considerations. 

The Commissioners appeared to doubt whether it is possible 
to state precisely the relation in which theory and practice 
ought to stand to each other, and in this they were sup- 
ported by Sir Frederick Bramwell, who gave it as his opinion, 
that it would be dangerous to give theorists control over 
such a matter as the manufacture of a gun. 

It is a grave error to suppose that theory and sound prac- 
tice are, or can be, divergent. Hypothesis and practice may, 
and very often do, disagree, but theory never, unless it be a 
false theory. De Quincey says, " Theory is, in fact, no more 
than a system of laws, abstracted from experience; conse- 
quently, if any apparent contradiction should exist between 
them, this could only argue that the theory had been falsely 
or imperfectly abstracted ; in which case the sensible infer- 
ence would be, not a summons to forego theories, but a call 
for better or more enlarged theories." And Kant, in his essay 
'* On the common raying, that such and such a thing may 
be true in theory, but does not hold good in practice," says, 
'^ It is far more tolerable that an unlearned person should 
represent theory as superfluous for the purpose of his imagi- 
nary practice, than that a shallow refiner, whilst conceding 
the value of theory for speculative and scholastic uses, should 
couple with this concession the doctrine, that in practice the 
case is otherwise ; and that upon coming out of the schools 
into the world, a man will be made sensible of having pursued 
mere philosophic dreams. In short, that what sounds well 
in theory is not merely superfluous, but absolutely false for 
practice. Now the practical engineer who should express 
himself in such terms upon the science of mechanics, or the 
artillery officer who should say of the doctrine of projectiles, 
that the theory of it was conceived indeed with great sub- 
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tilty, but was of little practical valae, because in the actual 
experience of the art it was found that the experimental 
results did not conform to the theory, would expose them- 
selves to derision. For, supposing that in the first case 
should be superadded to the Theory of Mechanics that of 
Friction, and that in the second, to the Theory of Pro- 
jectiles were superadded that of the resistance of the air — 
which in effect amounts to this, that if, instead of rejecting 
theory, still more theory were added — ^in that case the 
results of the abstract doctrine and of the experimental 
practice would coincide in every respect." 

My object has been to assist in removing the incubus of 
empiricism from artillery science, and whilst fully conscious 
of the imperfection of my efforts, and of the opportunity I 
have given to adverse criticism, I will only say to my critics, 
" Si quid rectius novisti, candide imperti." 

J. A. LONGRIDGE. 
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CHAPTER I 

ON EXPLOSIVE SUBSTANCES IN GENEBAL. 

1. By the term " explosive substance is meant a substance 
composed of two or more elements mixed together or chemi- 
cally united, and such as, that when this affinity is disturbed, 
a violent reaction takes place, giving rise to a great develop- 
ment of heat, and to various new compounds in a liquid or 
gaseous form. 

In the latter case their gaseous products expanded by the 
developed heat constitute a reservoir of energy which is 
applicable to mechanical uses. 

2. The reaction varies in rapidity according to the nature 
of the compound substances. 

In some eases, such as fulminates, nitroglycerine, &c., the 
reaction is extremely rapid, and is called *^ detonation." In 
others, such as ordinary gunpowder, it is much less rapid, and 
is called explosion ; whilst in others, such as fuse or rocket 
composition, it is still slower, and is called combustion. 

This distinction of terms, for what is in truth only one 
phenomenon, is at once unscientific and misleading, and it 
has given rise to erroneous conceptions of the action of gun- 
powder, which wUl presently be considered. 

3. If by " detonation " it be said that, an instantaneous 
reaction is meant, the reply is, that no such thing as an 

B 



2 INTERNAL BALLISTICS. 

instantaneous reaction exists. ** Detonation," so called, is 
only a very rapid '* explosion," and " explosion " is only a 
very rapid '•' combustion." 

The most rapid decomposition which takes place with 
fulminates or nitroglycerine, is a gradual process, and the 
attendant rise of pressure in a close vessel, owing to the 
evolution of heat and gas, is a gradual, and not an instan- 
taneous rise. The phenomenon is one and the same, the 
only difference being in degree, and not in kind, and there- 
fore it is desirable to designate it by one term only, that of 
combustion. 

4. The distinction of terms has given rise to curiously 
erroneous ideas as to the action of gunpowder in a gun. 
We hear of the distinction between the '* percussive " effect 
and the " static " effect of a charge of powder. 

For instance Mr. Lynal Thomas * says, " So far from the 
action of the fired powder in a gun being that of a constant 
pressure estimated at so many atmospheres, it is violently 
percussive and variable to an indefinite extent, the per- 
cussive action starting the projectile with a finite velocity," 
and he adds, that a distinguished mathematician who 
witnessed some of his experiments drew up a formula in 
accordance with the " percussive " theory, which formula he 
gives as follows: — 

„. = V» + ^^^^i*" log ^ . 

w ° a 

V being the velocity with which the shot legiins to move. 

It is hardly necessary to insist on the absurdity of a body 
leginning to move with a finite velocity. 

Again, Colonel Hope t speaks of " the percussive effect of 
a charge of powder," and " the static equivalent of percussive 
force." 

♦ " Action of Fired Gunpowder," by Lynal Thomas, • Illustrated Naval and 
Military Magazine,' vol. i., 1884. 

t * A Bevolution in the Soience of Gunnery,' read at the R.U.S. Inst., 
23rd July, 1884. 
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General Boxer, who at the time held a high position at 
Woolwich, during the discussions which took place in 1860 
at the Institution of Civil Engineers on my paper on the 
Construction of Artillery said,* '* In considering the force of 
gunpowder, there were two main points to be regarded. 
First, there was a certain definite pressure which might be 
termed the statical force^ or the force which was eflfectual in 
giving motion to the projectile in the bore of the gun. 
Secondly, there was a percussive force, in addition to that 
already mentioned, and of a different nature to it, which 
principally tended to cause destruction to the material of the 
gun." 

This so-called percussive force has no real existence. It 
is a misnomer, and only leads to confusion of thought. A 
finite velocity instantaneously set up would require an 
infinite force instantaneously applied. Such a force is of 
course impossible. 

The chemical action of the most rapid fulminate is effected 
in a finite time, however small that time may be. Thus the 
force of an explosion is always relative. The chemical re- 
action of a fulminate or of nitroglycerine is very rapid com- 
pared with that of gunpowder, that of gunpowder very rapid 
compared with fuse composition, but in every case the reaction 
takes place in time, and the corresponding pressure is more 
or less great, according to the nature of the explosive, and 
the conditions of its use. 

5. The mechanical effect of an explosion depends very 
greatly on the velocity of the chemical reaction. Berthelot 
states, that with dynamite and guncotton the reaction may 
be propagated throughout the mass with a velocity of over 
20,000 feet per second. In such a case the generation of 
gas is almost instantaneous and the vis viva of the products 
striking against any object is so great as to shatter that 
object, even where there is no tamping. 

On the other hand, the ballistic effect of such explosions is 

* *■ Minutes of ProoeediDgs Inst, of Civil Engineers/ yoI. xviii., 1860. 

B 2 



4 INTERNAL BALLISTICS. 

yery small, for the reason that the volume of gas produced 
and the units of heat generated are both small. 

6. In order to determine the relative force of explosives, 
M. Eoux made a series of experiments by firing a given 
quantity in an absolutely closed space within a large block 
of lead, and he estimated the relative force of the explosion 
by the size of the cavity formed by the explosion. In this 
way he found the following results of the comparative ex- 
plosive force : — 

Black gunpowder 1 

Picrate of potassa 5 

Guncotton 7*5 

Nitroglycerine 10 

and for a mixture of explosives he uses the following 
rule : — 

"Add the forces of each compound multiplied by the 
fraction representing its proportion in the mixture." 

If, however, this rule be applied to a mixture of ordinary 
gunpowder and nitroglycerine, the result will be found much 
less than the actual result from experiment. From this it 
appears that the pressure of the more rapid explosion of the 
nitroglycerine has increased the force of the black powder, 
and from this it has been concluded, that for black powder 
two orders of explosion may exist. The first order being 
that of detonation ; the second, that of ordinary combustion ; 
and it is stated by French authorities that all explosions are 
susceptible of these two orders of explosion according to the 
circumstances under which they are fired. 

Not that an absolute distinction can be shown in each 
particular case, but that those orders are the limits between 
which practical results may take place. 

In this way the force of black powder may vary from 
1 to 3-3. 

Captain Roulin, of the French Artillery, gives the following 
table of results showing the relative force of the two orders of 
explosion in different explosives. 
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Explosive. 



Black powder 
Nitroglycerine 
Guncotton 
Picrate of potassa . . 
Fulminate of mercury 



Ist order. 


2nd order. 


4-34 


1-00 


10-13 


4-80 


6-4G 


3-00 


5-31 


1-82 


9-28 


• • 



The order of the explosioD which will take place depends 
upon external conditions of firing. 

Dynamite and guncotton may be burnt in the open air 
without any explosion by the simple contact of flame ; on 
the other hand, if the gases are confined by an envelope of 
more or less resistance, or if the material be previously heated 
to a certain degree, there will be an explosion of the 2nd 
order of more or less violence. 

If, however, the explosion is effected by means of a 
detonator, such as fulminate of mercury, this will give rise 
to a detonation or explosion of the first order. 

7. It is evident, therefore, that the pressure existing in the 
barrel of a gun with any particular powder may be greatly 
affected by the circumstances under which the ignition takes 
place, and the subject has much interest as regards the so- 
called " wave pressures " in guns. 

M. Berthelot treats of this subject in his treatise * Sur la 
force des matieres explosives d'apres la Thermochimie,' 
3rd ed., 1883. 

According to his views every explosive reaction must be 
referred to an initial rise of temperature, which may be caused 
by ignition, by a shock, or by friction, and this reaction is 
transmitted from particle to particle successively. Certain 
explosive materials decompose spontaneously and slowly 
under ordinary temperatures, without explosion, whilst their 
detonation takes place when the temperature is suddenly 
and largely increased either purposely or by accident. 
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M. Berthelot distinguishes the propagation of the reaction 
by two classes : — 

Ist, That of combustion. 

2nd, That of detonation. 

Between these two classes there may exist a series of 
intermediate modes of explosion. In fact, the passage from 
one class to another is accompanied by violent and irregular 
movements of the material, during which the propagation of 
the combustion acts by a vibratory movement of increasing 
amplitude and with more or less velofity. 

Class of Combustion, 

8. When an explosive material is gradually heated to 
a sufficient degree, a portion of it explodes ; if the gases 
are free to expand, the pressure rises slowly and a fresh 
portion of the material is ignited, and thus the inflammation 
is propagated from particle to particle with a velocity 
dependent on the circumstances of the case. Such is gene- 
rally the course of action with ordinary gunpowder. 

Class of Detonation. 

9. When a shock sufficiently violent is produced in one 
part of an explosive substance, and if the pressures wliich 
result from this shock are too sudden to be propagated to 
the whole mass, the transformation of the vis viva into heat 
will take place chiefly in the first portion of the mass. 
This may thus be raised to a sufficient temperature to 
detonate. If the first production of gas is so rapid that the 
mass of the material has not time to be displaced, and if the 
expansion of the gas produces a more and more violent 
shock on the adjoining portion of the material, the vis viva 
of this new shock will be transformed into heat, and thus 
give rise to the detonation of a new portion of the material. 
This alternate action of a shock the vis viva of which is 
transformed into heat, and a production of heat which raises 
the temperature of the next portion so as to produce a new 
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detonation, transmits the reaction from portion to portion 
throughout the entire mass. 

The propagation of the inflammation then in this class of 
detonation may be compared to that of a wave of sound, 
that is to say, it is a true wave of explosion travelling with a 
velocity incomparably greater than that of a simple igni- 
tion transmitted by contact from particle to particle, and 
when the gases freely expand as they are produced. It 
must also be remarked that whilst the wave of sound is 
generated by a periodic succession of similar waves, that of 
explosion is not periodic, but takes place once for all. 

10. An explosion of the second order may be transformed 
into one of the first. 

The velocity of propagation of reaction in a case of the 
second order, is greater as the molecular intensity of reac- 
tion is greater, this being defined by the quantity of material 
transformed into gas at a fixed temperature and under 
constant pressure. 

It increases also, (1) with an increase of the initial tem- 
perature of the mass. 

(2) With the increase of the weight of the charge, 
because in this case the influence of cooling is proportionately 
less. 

(3) With the increase of pressure under which the gas is 
generated. 

When the explosive matter is confined by a tamping, the 
pressure will rise very rapidly, and the velocity of propaga- 
tion may be suflSciently great to give rise to a pressure or a 
shock capable of detonating a portion of the mass. 

This is no doubt the case in long charges of small grained 
powder ignited at the rear. The forward portion of the charge 
is jammed up against the projectile, and the reaction is con- 
verted from one of the second to one of the first order, 
giving rise to the so-called local " wave pressures " which 
have been observed. 

In operating with an explosive of which the molecular 
velocity of reaction is very great, such, for instance, as nitro- 
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glycerine or fulminate of mercury, no tamping is required ; 
the gases are developed so rapidJy that the environment, be 
it solid, liquid, or even gaseous, has not time to be displaced, 
and opposes itself like a fixed wall to the action of the 
explosive during the infinitesimally small time of reaction. 

Of the Potential of an Explosive. 

11. By the '^Potential " of an explosive is meant the mecha- 
nical equivalent of the heat given out by its combustion. 

Thus if E be the mechanical equivalent of heat, and Q 
the units of heat developed by the combustion of unit of 
weight, E Q is the " Potential." This Potential is indepen- 
dent of the manner in which the combustion takes place, 
provided that it be complete and the final state of the 
products the same. 

Making use of French unities, and the French equivalent 

of heat, or E = 436, Messrs. Sarrau and Boux determined 

the Potentials of several explosives as given in the following 

table : — 

Potentials of Explosives. 



Denomiuations. 



French. 

Fine sporting powder . . 
Ordinary common ponder 
Bifle powder, B . . . . 
Mining powder 
Nitroglycerine 

Guncotton 

Picrate of potassa . . 



Potential. 
Metric tons. 



per 
kilogTamme. 
370 
347 
337 
267 
778 
489 
366 



Potential. 
Foot tons. 



per lb. 

542 
508 
494 
391 
1140 
716 
536 



Noble and Abel. 



Cocoa 

Spanish pellet 

Curtis and Harvev, No, 

F.G.. Waltham Abbey 

R.L.G. 

Pebble 

Mining .. 






365 
335 
333 
322 
317 
314 
225 



Composition. 



Salt- 
petre. 



78 
75 
74 
62 



Snlpbur. 



10 
12-5 
10-5 

20 



Carbon. 



535 
490 
488 
471 
464 
460 
330 



75-6 
74-7 
74- 
74-6 
74-8 
62 



12 
12-5 
15-5 

18 



12 
10 
10 
10 
10 
15 



5 
4 
1 
1 
1 
2 



11-5 

14-0 

15- 

14-3 

14-2 

21^ 



INTERNAL BALLISTICS. 9 

12. The Potential of an explosive must not be confounded 
with the mechanical effect which may be obtained from it ; 
neither must it be confounded with the pressure developed 
by exploding it in a close vessel. 

In treating hereafter of the action of gunpowder these 
differences will be fully explained. 

13. As regards explosives, a distinction may be made 
between two classes. 

First, mechanical explosives, in which the reagents are 
uncombined, but intimately mixed. 

Second, chemical explosives in which the ingredients are 
united by a more or less unstable affinity. 

In the first case, the particles which have to combine are 
separated by appreciable distances, whilst in the second, 
each molecule contains within itself the reagents, and is in 
fact a complete explosive per se. 

The reaction in the second class is therefore much more 
rapid, and the violence of the explosive proportionately 
great. Moreover, in many of the second class, the chemical 
union is exceedingly unstable, and consequently more subject 
to the influence of external action. 

Of the first class, by far the most important is gunpowder, 
composed of nitrate of potassa, sulphur, and charcoal, the 
usual proportions in this country being 75, 10, and 15 respec- 
tively, and the same proportion, or very nearly so, has of late 
years been adopted by France and Belgium for all large guns. 

An exception must, however, be made with regard to 
" cocoa " powder, the composition of which is kept secret. 
It differs from the ordinary powders in the nature of the 
charcoal, which is made from rye straw instead of the dog- 
wood and alder generally used, and in the small proportion 
of sulphur. 

14. The composition and manufacture of explosives gene- 
rally, is foreign to my present purpose, as gunpowder is now 
exclusively used for artillery purposes. Such powder is of 
the description commonly called nitrate powder, the oxidising 
agent being nitrate of potassa. 
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There are, however, other descriptions of powder which 
may be briefly mentioned, viz. : — 

15. (1) Nitrate of Soda Powder. — If for nitrate of potassa., 
nitrate of soda be substituted in the same proportions, a powder 
is obtained which is somewhat less costly and about one-third 
stronger than the nitrate of potassa powder. 

It is, however, more subject to absorb moisture, although this 
is probably due to the imperfect fabrication of the nitrate of 
soda, which when pure is not deliquescent, and probably only 
acquires that property by the presence of deliquescent salts, 
such as chlorides. 

Nitrate of soda powder was used to a very great extent in 
the excavation of the Suez Canal. 

16. (2) Nitrate of Baryta Pow<ler. — This powder is of a 
slower combustion than nitrate of potassa powder, and conse- 
quently strains the gun less severely. It has, however, the 
property of fouling the gun to a considerably greater extent. 

17. (3) Chlorate of Potassa Powder. — With equal weight 
this salt contains less oxygen than nitrate of potassa, but it 
decomposes more readily and more completely, consequently 
this powder is more violent. It is also somewhat dangerous, 
being liable to explode under a sudden shock, and is more 
erosive to the iron and offensive to the service from the 
chlorine gas which is evolved. 

18. (4) Picrate of Potassa Powder. — Powder combined 
of picrate of potassa, saltpetre, and charcoal was tried by 
M, DesignoUe in France in 1867. 

This powder gave good results in torpedoes and also in 
guns, and had the advantage of not evolving either sulphurous 
acid or sulphide of potassium, being so far of considerable 
advantage in ships and casemates, but several cases of prema- 
ture explosion having taken place, the use of the powder 
does not appear to have been persevered in. It is, moreover, 
costly, and the manipulation of picrate of potassa is somewhat 
dangc^rous. 

19. (5) Picrate of Ammonia Powder. — This salt is less 
sensible to a sudden shock than the picrate of potassa. In 
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the open air it burns like a resinous matter, giving out 
a dense smoke, but in a close vessel the combustion may 
become very rapid and the force violent. 

A powder, consisting of 54 parts of picrate of ammonia, 
and 46 parts of saltpetre, was tried at Calais, but found 
too violent in its action for artillery practice. 

20. Although hitherto Picrate powders have met with 
little favour, it is not improbable that a further study of the 
subject may remove the objections which have been made, 
and it is very desirable that this should be undertaken, as 
these powders are nearly smokeless, do not foul the gun nor 
erode the bore to the same extent as ordinary powder. 

I believe that experiments with these powders are still 
being carried out in France. 

On the Physical Characteristics of Gunpowder. 

21. The chief physical features of gunpowder are : — 

(1) The absolute density. 

(2) The gravimetric density. 

(3) The form and dimensions of the grain. 

(4) Its hydroscopic quality, or its capacity for 

absorbing moisture. 

AbsoliUe Density, 

22. By the term " absolute density " is denoted the weight 
of unit of volume of the powder compared with the weight of 
the same volume of water at a given fixed temperature. 

In France, since the kilogramme or unit of weight, is the 
M'eight of a litre or unit of volume of water, it is obvious that 
the absolute density is the same as the absolute weight of 
unit of volume, an advantage which the English system does 
not permit of. 

The absolute density of nitrate gunpowder varies according 
to the process of manufacture from 1 • 50 to 1 * 90. 
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Qravimetrie Density. 

23. This term has different meanings, in England and in 
France. 

24. In England, it is defined in the Text-Book of Gunnery* 
to be " the ratio of the weight of a charge of powder in the 
chamber of a gun, to the weight of that volume of water 
which would fill the space behind the projectile." 

Thus if gravimetric density = 1, the space occupied by 
1 lb. of the charge is the same as would be occupied by 1 lb. 
of water, i. e. 27 * 73 cubic inches, or in other words, if the 
charges be spaced so as to allow 27*73 cubic inches to tlie 
pound of charges, the gravimetric density is unity. 

For any other spacing if n be the number of cubic inches 
allowed to the pound of charge. 

Gravimetric density = , 

The usual notation in England for denoting the condition 
of a charge is to write first the weight of the charge, then the 
designating mark of the powder, and lastly the quotient of 
27 • 73 by the number of cubic inches allowed to the pound. 

Thus 75 P?!-'^ signifies 75 lb. of P powder spaced at 30 

cubic inclies per lb. 

25. In France, this is called '* Densite de Chargement," as 
distinct from " Densite Gravimetrique,'* by which latter term 
is meant, the weight in kilogrammes of 1 cubic litre of the 
powder not pressed together, except by its own weight. 

Consequently Densite Gravimetrique = 1, means 1 kilo- 
gramme occupying a space of 1 litre or 1 decimetre cube, or 
in our units 2*2 lb. of powder in a space of 61 * 02 cubic 
inches, or 1 lb. of powder in a space of 27 ' 73 cubic inches, 
which is the same as in our system. 

But it is to be noted, that one decimetre cube of powder 
does not always weigh 1 kilogramme. The weight increases 
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Text book of Gunnery,* by Major S. Mackinlay, p. 22, 1887. 
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with the size of the grain, so that whilst with the small- 
grained powder designated F2 in France, it is 934 to 944 
grammes with the large Af^ it is 1150 grammes, and the 
relative " densites gravimetriques '* are • 934 and 1 • 150. 

This distinction is not made in England, and our '^ gravi- 
metric density " is equivalent, not to '* Densite Gravimetrique," 
but to " Densite de Chargement." 

Form and Dimensions of Grain. 

26. As will be seen hereafter, the form and size of grain 
have very important efiFects upon the action of powder in a 
gun. 

A few years ago the powder called R.L.G. was the only 
powder used for artillery purposes. 

Owing to the small size of the grain, the time of com- 
bustion was exceedingly small, and the action violent. At 
the same time, owing to the small space between the grains, 
the ignition was slow and very irregular, and this, as will be 
shown presently, gave rise to abnormal pressure, called, 
faute de mieiia, " wave " pressure by our artillerists. 

By degrees, and by a sort of tentative process, the size of 
the grains was increased, though the form remained more or 
less irregular. Such were the P and P2 powders. 

Subsequently moulded grains of a regular form were intro- 
duced, such as the spherical, cubical, cylindrical, and finally 
the prismatic, and quite recently Mr. Quick has introduced 
the form of cylindrical discs placed one on the top of the 
other, perforated with cylindrical holes and with radiating 
or other channels on the face of the discs so as to facilitate 
ignition. 

The influence of these different forms will be examined 
hereafter. 

Hydroscopic Quality, 

27. All gunpowder is more or less liable to absorb 
moisture and thus to deteriorate in strength by long storage, 
giving rise to corresponding irregularity in ballistic results. 
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but even when first manufactured there is considerable 
difference in the amount of moisture in different powders. 

The following table gives the percentage of water in 
various powders as determined by Noble and Abel in 
England, and MM. Sarrau and Eoux in France : — 



English 1 


Name of Powder. 


Cocoa. 


P. 


R.L.G. 


F.G. 
1-48 


Spanish. 


Cnrtls 

and 

Harvey 6. 


• 

Mining. 




Percentage 
of water. 


1-33 


0-95 


1-06 


0-65 


1-17 


1-61 


/ 


Name. 

Percentage 
of water. 


B rifle. 


SPi 
8 Pa 
SPa 


Ca 










French ^ 

I 


110 


1-2 

to 

1-8 


1.3 

to 

1-7 
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CHAPTER II. 

FIRED GUNPOWDER. 

Products of Combustion, 

28. When a charge of powder is fired, about' 43 per cent, 
in weight is converted into permanent gases, that is to say, into 
gases which when cooled down to ordinary temperatures 
retain their gaseous condition. 

The remainder, or about 57 per cent, by weight, is, when 
cooled down, a solid residue, but whilst in the gun at the 
high temperature of ignition, is in a liquid form diflfused 
through the gases. When the charge is fired in a close 
vessel and the gases are afterwards allowed to escape, this 
liquid rapidly solidifies. 

29. The chemical composition of the products of com- 
bustion has not much interest in a ballistic point of view, 
and the compounds, especially the solids, appear to vary 
within very considerable limits. Those who are interested in 
this question will find it very ably discussed by Messrs. 
Noble and Abel in their papers published in the Transactions 
of the Royal Society in 1875 and 1879, and also in a 
report by MM. Morin and Berthelot in the Academie des 
Sciences (' Comptes Rendus,' Ixxxii.). 

The solids consist chiefly of compounds of potassium, with 
carbonic, sulphuric, sulphurous, and nitric acids. 

The gases are approximately represented as follows : — 

Carbonic acid '2596 

Carbonic oxide '0343 

Nitrogen -1084 

Sulphurous acid '0099 

Marsh gas -0003 

Hydrogen -0007 

Oxygen -0003 

Water -0148 

0-4283 per cent 
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30. By some it is believed that, at the very high temper- 
ature prevailing in a gun, the liquid residue is itself con- 
verted into the gaseous form, and that it gives out work 
during its expansion, but it is maintained by Noble and Abel, 
that the work done by expansion is due only to the gaseous 
portion of the products, although these are sustained during 
their expansion by heat imparted to them by contact with 
the particles of liquid diffused throughout their volume at a 
very high temperature. This hypothesis will be discussed 
further on. 

At present it may be added, that even if the 57 per cent, 
of solids be in a gaseous form, it has been shown by 
Schischkoff and Bunsen that the tension of such gases must 
be exceedingly small, and quite incapable of producing any 
appreciable effect on the general tension of the permanent 
gases. 

31. It is shown by Noble and Abel that at the tempera- 
ture of ignition, the volume of the 57 per cent, of inert 
liquid is approximately equal to that of the powder from 
which it is derived. 



Dissociation. 

32. By some authorities it is maintained, that although 
the various compounds determined by analysis are found in 
the final state of the products, they do not exist in the 
earlier stages whilst the action is taking place in the 
projectile. 

They say that these compounds cannot exist at the high 
temperature there reigning, owing to the interference of the 
phenomenon called " dissociation," but can only arise when 
the temperature has so far fallen as to admit of such 
secondary combinations. 

33. Although there is no positive evidence of "Dissocia- 
tion " in a gun, it may be well to examine what would be 
the effect ballistically, if it did take place. 
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34. It appears fram the table (§ 29) tliat about 60 per 
cent, of the gaseous products consist of carbonic acid ; as 
will be shown hereafter, the temperature of ignition is about 
2340° C, and as the temperature of dissociation of carbonic 
acid is about 1800° C, it is held that the carbonic acid could 
not exist until the temperature had fallen to 1800° 0., and 
that up to this time only carbonic oxide could exist. But 
the question may well be asked, why should not the carbonic 
oxide be subject to dissociation as well as the carbonic acid ? 
If this were so, the gaseous products of combustion would be 
confined to the oxygen liberated by the decomposition of 
the nitrate of potash, and of course this would only take 
place at a lower temperature than 1800° C. 

Consequently, even if the whole of the carbon were con- 
verted into carbonic oxide, we would have the volume of 
this gas and the volume of the remaining oxygen existing 
together so long as the temperature exceeded 1800°, and 
this would give a comparatively low pressure, until by the 
fall of temperature, the combination of the free oxygen with 
the carbonic oxide would give rise to a sudden and very 
large increase of temperature, and a sudden almost explosive 
increase of pressure. 

The result would therefore be a low initial pressure, 
decreasing as the shot travelled towards the muzzle, and 
then a very sudden rise of pressure, again falling till the shot 
left the gun. This certainly does not represent the real 
conditions. 

35. It is true that the volume of one equivalent of 
oxygen plus that of one equivalent of carbonic oxide is 
one and a-half times greater than that of the resulting 
equivalent of carbonic acid, and this would increase the 
pressure as long as dissociation took place, but the sudden 
increase of pr^ ssure when the temperature fell to 1800° 
would equally take place. 

36. But it may further be remarked, that it by no means 
follows, that because carbonic acid may be dissociated at a 
ten perature exceeding 1800°, under atmospheric pressure, 
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the same would take place under the enormous pressures 
existing in a gun. 

37. Another argument against dissociation may be thus 
stated. 



FiQ. 1. 













If a charge of powder be fired in a gun, the length of 
which is represented by A G, and the projectile be not allowed 
to move until the whole of the charge is burnt, the pressure 
may be represented by a curve BCD which is Noble and 
Abel's curve, and if the gun be suflBciently lengthened, the 
pressure would fall to zero at a point X on the same curve. 

If, however, the projectile be allowed to move, the pressure 
curve will be an ascending curve up to the point of maxi- 
mum pressure C when all the powder is burnt, after which 
it will descend as before to X. 

The work done on the projectile will, therefore, be 
represented by the area A C D G. 

Now if from dissociation or otherwise, the point of maxi- 
mum pressure be removed further forward to E, the pressure 
curve will be A E F X falling to zero at the same point X, 
and the work done on the projectile will be A E F G. 

Now the area A C D X must be equal to A E F X because 
the whole of the heat is expended in the two cases. But 
F G X is greater than D G X, therefore A C D G must be 
greater than A E F G. 
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It therefore is evident that dissociation must decrease the 
ballistic effect as represented by Noble and Abel's curve, but 
as this curve fairly represents the results obtained in practice 
the conclusion is, that dissociation does not really take place 
in a gun. 

38. It may here be remarked that the reasoning in the 
last paragraph equally applies to the decreased ballistic 
effect of a slow as compared \vith a quick powder, and 
therefore that the loss of effect with the former, must be 
made up by increased weight of charge. 

39. For the above reasons I am of opinion that dissocia- 
tion does not practically take place in the combustion of 
powder in a gun. 



Ignition, . 

40. It is important to distinguish between Ignition and 
Combustion. 

By Ignition is meant (a) the commencement of chemical 
action caused by contact with some source of high tempera- 
ture, and (I) the communication of this action from the 
portion of the surface where it commences to adjacent 
portions and from the surface of one grain of powder to that 
of others. 

41. When a train of powder is fired in the open air, the 
velocity of transmission increases as the volume of powder 
per unit of length increases.* The following table shows the 
results obtained by General Piobert with cannon powder. 



Formation of Traia 


Weight of 

powder per 

lineal foot. 

lb. 


Velocity in 
feet per sec. 


Single grains in oontaot, 82 per lineal foot . . . . 
Grains superimposed 

>• »» 

» » 


•00282 
•02016 
•04032 
•08046 


1-214 
5-577 
7-613 
9-646 



• Piobert, < TraiW d'ArtiUerie,' 1847, p. 164. 
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42. Robert further found, that if a train of powder, 
instead of being simply laid on a flat surface, is laid in a 
groove and covered with a light plank, the velocity of 
transmission is about doubled when the groove is entirely 
filled with powder. 

If, however, it is only half filled, the velocity is still 
further increased by about one-half. 

On firing trains in tubes he found analogous results, as is 
shown in the following table : — 



Formation of Train. 



Tube 0*512 in. diam., 1 thickness of paper, fuU 

16 ,. full 

16 „ half fiiU 

0-785 „ 16 „ fuU 






»» 



Weight of 

powder per 

Iine>il foot. 

lb. 



08064 

08064 

•04368 

•21168 



Velocity 
tranBmis 
sionintube. 
feet per sec. 



of] Velocity 
of same 
ti'ain in 
open air. 



5 118 
12 137 
25-591 
13-780 



9-646 
9-646 
7-776 



43. From his very numerous and carefully conducted 
experiments, Piobert arrived at the following conclusions : — 

(a) The velocity of Ignition varies very nearly in the 
inverse ratio of the fourth root of the diameter, or equi- 
valent diameter, of the grain. 

(fc) It decreases with the increase of density and the 
degrees of glazing. 

(c) The composition (dosage) and length of trituration of 
the powder do not appear to have any appreciable eflfect on 
the velocity of Ignition. 



Combustion. 



44. By the Combustion of a grain is meant, the gradual 
burning downwards from the surface until the whole is 
consumed. 
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45. On this subject Piobert also made many experiments 
and concluded as follows : — 

(a) That easteris paribus, the velocity of Combustion varies 
inversely as the density of the grain, or i; 8 = a, a constant 
which depends upon the nature of the powder, and denotes 
the weight of powder burnt per second per unit of surface. 

(b) The velocity decreases rapidly with an increase of 
humidity in the powder. 

(c) It increases with the amount of trituration up to a 
certain limit. 

(d) With the same density, same trituration, and same 
humidity, the greatest velocity of Combustion was obtained 
from a powder composed of 

Saltpetre 75 parts. 

Carbon 15 „ 

Sulphur 10 „ 

(e) In free air, the velocity of Combustion varied, in the 
different powders used by Piobert, from 0*4 inch per 
second to • 6 inch per second. 

46. When powder burns under pressure, as in a gun or 
close vessel, the velocity of Combustion is very greatly 
increased. After careful examination of the results obtained 
by himself and other artillerists, Mens. Sarrau adopts the 
following formula : — 

^-'& 

where 



V = velocity of Combustion at pressure p. 

Vq = „ )> atmospheric pressure Pq. 

That is to say, that the velocity varies as the square root 
of the pressure. 

Thus, a powder which in the open air would bum with a 
velocity of • 6 inch per second, would burn with a velocity 
of about 33 inches per second under a pressure of 3000 
atmospheres. 
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Effect of Bate of Ignition and Combustion on Pressure. 

47. From what precedes, it is obvious that the two phe- 
nomena of Ignition and Combustion have each a distinct part 
in the conversion of a charge of powder into its products, 
and that it is on their joint actions that the effect of firing the 
charge depends. 

48. When a charge of powder, placed behind a projectile, 
is ignited at the rear end, the Ignition commences with the 
grains at that end, and gradually extends throughout the 
charge. If the rate of Combustion be great and the size of 
the grains small, it may be, that the" grains at the back 
are entirely consumed before those in front are ignited, and 
this is likely to take place with a small-grained powder 
closely packed in a long tube, that is to say, in a long charge 
of fine-grained powder. 

This rapid development of gas at the rear end of the 
charge would give rise to a considerable local pressure and 
compress the powder next the projectile, wedging it up as it 
were into a mass of high gravimetric density, brfore the pro- 
jectile had moved to any considerable extent. 

On the other hand, if the cartridge did not quite fill the 
chamber, the Ignition would pass rapidly through the vacant 
space, and the Combustion would take place almost simul- 
taneously at both ends of the cartridge. The result of this 
would be the early displacement of the projectile and an 
increase of space for the evolving gases, giving rise to a lower 
pressure behind the projectile. 

The same effect would take place if a large-grained 
powder were used, as in this case the interstices between 
the grains being large, the Ignition would pass rapidly, and 
the early action of the pressure on the base of the projectile 
would move it forward and increase the space. 

49. Kapidity of Ignition throughout the charge is there- 
fore a matter of considerable importance as preventing local 
variations of pressure. 

It may be promoted in various ways, viz. by increasing 
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the size of the grains, by perforations through the mass of 
each grain, as in the case of the cylindric and prismatic 
powders, by leaving a space between the cartridge and 
the top of the chamber, by commencing the ignition at the 
centre of the charge, or by igniting it simultaneously at 
several places. Of course the more simultaneous the Igni- 
tion, the more rapid is the development of gas, and the 
more rapid the rise of pressure. 

50. The rate of Combustion has a greater effect as regards 
the pressure than the rate of Ignition. It is on it that the 
rate of evolution mainly depends, but the form of the grain 
has also a veiy important effect, and it is the rate of evolu- 
tion of the gas which chiefly affects the pressure. 

51. The rate of evolution is a function of the rate of 
Combustion and of the surface under Ignition. We may 
therefore say, that the pressure is a function of the rate of 
Combustion and of the surface jointly. But the rate of 

. Combustion is itself a function of the pressure, so that in fact, 
the pressure is a function of the ignited surface, and making 
the time the independent variable, the quantity of gas 
evolved and the pressure are functions of the form of grain 
on which the variation of the surface depends. 

52. There is, however, in the case of a gun a further 
complication. The space is also variable, and this of course 
aflfects the pressure behind the projectile. 

53. With a very quick burning powder the projectile has 
moved very little at the time when the charge is entirely 
consumed, while with a slow evolution of gas, it has moved 
a considerable distance, thus greatly increasing the space 
and decreasing the maximum pressure. 

There is a contest going on between the rapidly incre£ising 
space and the increasing evolution of gas. The former 
increases in an increasing ratio with the time, whilst the 
latter, though it increases, does so in a decreasing ratio with 
the time, because the ignited surface in every ordinary form 
of grain decreases as the burning goes on. Then again, the 
evolution of gas increases with the pressure, and is thus an 
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increasing ratio np to the point of maximum pressure, and a 
decreasing ratio as regards the time, after. 

54. If, at the time of the maximum pressure, the whole 
charge is consumed, the subsequent pressures behind the pro- 
jectile will be represented by an adiabatic curve, and the work 
done on the projectile easily ascertainable, but as regards the 
work previously done, it is obvious, from what is said above, 
that the problem is an exceedingly complicated one. 

55. If the charge be not entirely consumed at the time of 
the maximum pressure, one of two things may take place : 
either the maximum pressure may be sustained for a period, 
owing to the effect of the increasing space being exactly com- 
pensated by the increasing evolution of gas (which, however, is 
not possible with any ordinary form of grain), or the pressure 
may go on falling, but less rapidly than the adiabatic curve, 
owing to the continued evolution of heat and gas by the 
remaining unconsumed powder. 

In this case it is evident, that at the time when the whole 
of the charge is consumed, the pressure will be the same as 
in the case of the other powder and the subsequent pressures 
follow the same law. Up to this point the pressures must 
always be less, and therefore the whole work done on the pro- 
jectile must be less with a slow than with a quick powder, and 
to obtain an equal ballistic effect larger charges must be 
used. 

This is confirmed in practice and it is also in conformity 
with the thermodynamic law, ** that any thermal machine 
which works between given limits of temperature gives the 
maximum effect when all the heat is received at the highest 
temperature and rejected at the lowest." 



Form of Grain. 

56. The influence of the form of grain upon the pressure 
and evolution of gas is very great, and although the relation 
between them and the distance moved by the projectile is 
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very complicated, an approximate idea of the influence of 
form may be obtained by considering the evolution of gas in 
a close vessel as a function of the time. 

57. Let it be assumed, that the composition, density, and 
degree of humidity are the same, the only diflference being in 
the form of the grain. Let three forms of grain be con- 
sidered, the spherical, cubical, and prismatic or cylindric, 
with a central hole. Further, that the weight of the grains 
is the same, and that the whole surface is simultaneously 
ignited. 

58. Since the space is constant, the pressure is a function 
of the time, and may be considered as equal to some 
unknown power of it. 

The rate of burning is, 6W3 stated before, proportional 

to some power of the pressure. We may therefore assume 

the velocity of burning proportional to some function of the 

time, or 

i; = «(l+r), 

where n is the rate of burning in free air, t the time, m an 
unknown power of it. 

On this assumption the volume of powder consumed may 
be found as a function of the time, as follows : — 



Spherical Orain. 

59. Let d = diameter of the grain ; 

8 = distance from the original surface burnt at 

the time t ; 
S = actual surface under ignition at ^ ; 

then 

S = TT (d - 2 «)2 = -n- (<|2 - 4d^+ 4«2). (1) 

ds 

The velocity of burnmg at « = -7- , 

which by assumption 
therefore 
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and integrating and observing that when t - 5 = 0, 

Substituting this in (1), 

+ J^irpLy^ (<^^ + ^)' «^ + 2 (m + 1) r+« + <^<«+^>)| 

and as the thickness burnt in d ^ is n (1 -j- f~) cZ ^, making V 
the volume burnt, 



d V = ^ n I (22 (1 + r) d < - —^ ^(to + 1) (1 4- r) f d « 

+ r+>(l + r)i<) + (-^'y^((m + 1)2(1 +r)<2(2< 
+ 2 (m + i)(i + r) r+2 d/ + t^^^^-^y (1 + r) d < I . 

Integrating and observing that when ^ = V = 0, we get 
finally 

\ TO + 1/ m + l\2 2(w + l/ 

3 + irri+(m+l)2 + 3(m+l)3J- 



Cubical Orain, 

60. In this case let d be the side of the cube, s as before, 
then d — 2 s is the length of the side at t and 6 (cZ — 2 s)^ 
the surface under ignition. This only differs from the ease 
of the spherical grain by substituting 6 for tt, and making 
di the side of the cube instead of the diameter of the 
sphere. 
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Consequently the formula for the spherical grain was 



^+1 






^+] 



+ 



^(••+1) 



+ l)V 



m + 1 ' 2(m + l) 



TO + 1 » (w 4- 1)2 • 3 (w + 1) 
61. This formula may be written for both grains. 



'-('^„^)-Ba 



+ — ^ + 



^(«+i) 



+ 0(3+-^ + 



m+l ' 2 (it. + 1)2 

^» + 8 (8(»+l) V 



) 



TO + 1 ' (wi + l)2 • 3(m + l)2 



Where 



A = 
B = 
C = 



For Spherical Grain. 



4ir(2n* 
4irn» 



For Cubical Qrain, 



24d»n» 
24 n* 



Prismatic Grain. 

62. Let p be the radius of the central hole. 

H the distance from centre to flat side. 

T the thickness of the prism. 

S the length of the flat side of the hexagon. 
Then proceeding as before, we find 



^ (m + 1)* 1,3 (m + 1) ^ ^ m + 3 



where 



A, = n Tg (TR + E") +2,rp(T - p)) = n(6S(T +R) 
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B, = n^ |27r(T - 4p) - ^(4 R + T)|. 
18 S 






63. In the fonns of grain above dealt with, the snrface of 
Ignition decreases as the Combustion proceeda In the pris- 
matic form, however, with the central hole, one portion of 
the surface, viz. the ends and outside, decreases, while the 
central hole increases. 

64. Th^e is, however, another form patented by Mr. Quick, 
in which he has sought to give a greater proportion to the 
increasing surface by making the powder into discs of the 
same diameter as the chamber of the gun and piercing it with 
a number of cylindrical holes, and these discs are so connected 
together that when a number of them are made up into a 
cartridge, the cylindric" holes will be continuous throughout 
the whole length. The flat discs are moreover dished out 
on one of their surfaces, so as to make these surfaces also 
surfaces of Combustion. 

If then E = radius of disc ; 

p = radius of the holes ; 
V = number of the holes ; 
T = the thickness of ditc ; 
the increasing surface is 

2 7rFpT, 

the decreasing surface, 

27rRT + 27r(R2 - vp2), 

and if x be the distance burnt at the end of t, the increas- 
ing surface is 

2irv{p -t-a?) (T - 2a;), 

the decieasing surface, 

2 w (R - x) (T - 2 a;) + 2 TT (R - a;)2 - [,. (p + a;)2 ] ; 
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or the total surface under ignition at t 

= 2ir { v(p + a?) (T - 2aj) + (E - «) (T - 2a;) + (R - xf 

-v(p + a;2)}, 

and as was shown before, 



X 






substituting which, and multiplying by d t, and integrating 
we get 

, G { (m + 1)\ , , 2(m + 1) + (m + ly 
"^ (m + 1)2 \ 3 "^ w + 3 

"*" 2w + 3 ■'"3W + 3/ 

where 

A = 27rn{R(T + R) + vp(T - p)}. 

B = 27rn2{T(v- 1) - 4(R-vp)}. 
C = 27r«3{3(i « y)}. 

65. The rate of burning has in all these cases been assumed 
to be a function of the time represented by t; = w (1 + t^) 
where n is the rate of burning in free air, and the unit of time 
is taken as the ten-thousandth of a second, therefore 

n = • 0004 in. 

To illustrate the formula I will assume three values 

of m. 

m = — « giving v^= n or uniform rate. 

TO = J giving V= n (1 + ^*) increasing as <*. 

TO=1 V = n(l 4--^ increasing as t. 

66. The formula then becomes : — 
For spherical and cubical grain, — 

B C 
when TO= — xV = A< — — <2-j"Q^^j 

^ V3^ 1-5 ^2-25^ 10125/* 
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+ K3+2 + 4-+24)- 

For prismatic grain, — 

B C 

■*" \3 "^ r5 "*" 2^ ■*' 10026/ ' 

(*2V /#a #3 f4y 

'+2)+^(2+2+8) 



+ 



^l3 + 2 + i + 2i;- 



For disc powder, — 

B C 

when w= -a,V = A< + H^^+ o<^; 

/ /1**\ //2 *2-5 /3 V 

■^ V3 "^ FS ■*■ 2^ ■*" 10-126J' 

(#2\ /#2 #3 Mv 

^+2) + ^(2 + 3 + 8) 






It will be seen by comparing these expressions that they 
only differ in the coefficients. A, B, and G, and that the terms 
involving the power of t for any given value of w, are 
identical, showing that the coefficients depend upon the form 
of grain. 

67. The following table gives the value of these coefficients, 
for the four forms of grain above considered. 
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Spheric&l. 


Cubical. 


Prismatic with one hole. 


Disc with V holes. 


A 


4irnB« 


6nS» 


n{6S(T + E) + 2irp(T-p){ 
»»{2,(T.4rt-^(T + 4E)} 


2irn{B(T + B) + Fp(T-p) 


B 


8irn*B 


24n*S 


2irn«{T(v-l)-4(B-vp)} 





4irn» 


24 n» 




2irn»{3(l-i')} 



where n = • 0004 ; 

E = radius of sphere, or disc, or in the case of pris- 
matic, the radius of the inscribed circle ; 
p = radius of perforating holes ; 
S = side of cube or hexagon in prismatic powder ; 
T = thickness of prismatic grain or disc ; 
V = number of holes in disc. 
68. The relative evolution of gas, as influenced by the form 
of grain, may be shown graphically by diagrams constructed 
from the above formula. 

Let it be assumed, that in each of the three first forms of 
grain, the grain is of the same weight, and that each contains 
1 '572 cubic inches of powder, corresponding to the following 
dimensions, say, 

inches. 



Spherical 


.* 


diameter 


1-4426 


Cubical .. 


• • 


length of side 


1-1628 


Prismatic 


2E 


= across fiats 


1-4000 




2p 


= diameter of holes .. 


•4000 




S 


= side of hexagon 


•8083 




T 


= thickness 


1^0000 


Disc 


H 


= outer radius .. 


6^0000 




P 


= radius of holes 


•1000 




V 


= number of holes .. 


19 holes 




T 


== thickness 


1 0000 



and let the disc powder be of the following dimensions :- 

inches. 

Outer radius of disc 3 

Badius of holes 0*1 

Thickness of disc 1*0 

Number of hoUs 19 
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As the volume of this disc is fourteen times greater 
than that of one of the above grains, for the sake of compari- 
son, the volume given by the formula must be divided by 
fourteen, as has here been done. 
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69. Fig. 1 represents the volume of powder converted 
into gas as a function of the time, on the assumption of 
m = — a, or a uniform rate of burning. 
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Fig. 2. 



r 
I 

r 



\-i\ 



I 



X.C. 

I 

I 

r 
I 

r 
I 

r 



,ym. 



lo'r 



I 
r 



L 
i 

L 






r 



Ay 



/^V 
^x"/ 



v<^^ 







.>"'' 






^''1> 



a 



.1 i ». 



771/ =S /i 



.1- 1 - a. 



100 



200 



Figs. 2 and 3 represent the same on the hypotheses, that 
m = J, and wi = 1 respectively.* 



Fig. 3. 




Abscissae 1 inch = yr^^ths of a second. 
Ordinates 1 inch = 1 cub. inch powder. 

The following tables show, in each case, the time of con- 
suming 1 ' 572 cubic inch of powder, in ten-thousandths of a 
second. 



* In these diagrams the curve 1 represents Prismatic ; 2 represents Disc ; 
3 represents Cubical Grain ; 1 represents Spherical Grain. 

D 
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Value of m. 

Spherical 
Cubical . . 

Disc 

Prismatic 



Time of consumption of 
1*672 cubic inch. 



— X 



1803 

1453 

730 

625 



h 



182 

113 

101 

79 



50 
45 
35 
29 



70. From this it appears, that whatever be the form of 
grain, the prismatic is that which bums quickest, and conse- 
quently, as far as mere form is concerned, it ought to give 
the highest pressure. 

But practically this is not the case, partly because prismatic 
powder is generally of a higher density, but chiefly because 
the ignition is slow at first, owing to the high glazing and 
the small surface. 

The cartridges are so built up, that the grains fit into 
each other, so that practically the initial surface of ignition 
is almost limited to that of the central holes. The first evo- 
lution of gas is therefore small, and the initial pressure rises 
slowly, and as soon as it is suflScient to overcome the friction 
of the projectile and the resistance of the base ring, the pro- 
jectile moves away, and by the time the evolution of gas 
becomes rapid, the projectile is already some distance 
along the bore, and the increased space keeps down the 
pressure. 

71. It will be seen from the diagrams, that the evolution of 
gas is much more uniform with the disc and prismatic powders 
than with spherical and cubical. This is no doubt an advan- 
tage, but it is inconsistent with what is often asserted, viz. 
that with prismatic powder, the combustion continues a long 
way down the bore. The reaLadb^antage of this form is that 
whilst the evolution of powdems small at first, owing to the 
limited surface of combustion, it increases very rapidly as the 
combustion goes on, and thus, though the maximum pressure 
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is reduced, the mean pressure during the process of combustion 
is greater in the early stage of the projectile's motion. 

The maximum pressure is a direct function of the evolu- 
tion of gas and an inverse function of the distance moved 
by the projectile, and the former is directly as the surface and 
the velocity of combustion. The surface of a charge increases 
rapidly as the size of the grain decreases, and the total 
time of combustion of the charge (supposing perfect igni- 
tion) is a function of the least dimension of the grain, so 
that the evolution of gas is much more rapid with small- 
grained powders, both from the extended surface and from the 
reduced depth to be burnt, than with large-grained powders 
of the same form, and the maximum pressure is still more 
kept down in the case of disc and prismatic powders for the 
reasons above stated. 

72. With regard to the disc powder, it may be observed 
that the variation of the surface of combustion may be 
regulated by the thickness of the disc. For, if x be the 
depth burnt at any time, the surface of combustion at that 
time is 

S = 2 TT { R (T + R) + V p (T - p).} + { T (v - 1) - 4 (K + V p) } a: 

+ 3(1 - v) x^ = 2n (a+ px-{- yx^) ; 

but 

|| = 2^{i3+2ya.2), 

and in the case of a maximum this is equal to zero, when 

ff 4 (R + V p) - T (v -- 1) _ T(v -1) - 4(R + vp 
*- 2y"" 6(l-v) " 6(v-l) 

Now at the beginning of combustion oj = 0, therefore if 
the maximum value of the surface is at the beginning, a? = 

andT = im±i^). . 

V — 1 

74. In order that the surface may be an increasing surface 
during the whole time of combustion, we must make x equal t^ 

D 2 
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one-half the distance between the holes, and calling this A 

we must make 

A T(v-l)-4(B + vp) 

2 " 6 (v - 1) 

In the case of the disc powder above considered, A = • 8, 
1/ = 19, E = 3, /> = • 1, making use of which values we 
find T = 3*49 inches, the required thickness. 

75. Thus, theoretically, it is always possible to regulate 
the thickness of the disc so as to have an always increasing 
surface of combustion, but probably this will not be possible 
in practice, on account of the difficulty of obtaining uni- 
formity of density in thick discs. 

It is, however, proposed by Mr. Quick to unite a number 
of these discs by means of a very inflammable cement, and I 
believe he has had considerable success with this method. 

If this can be accomplished, I have no doubt that cartridges 
made up of discs thus united, will give excellent results, 
combining a very rapid subsequent evolution of gas with a 
comparatively low maximum initial pressure, and such 
cartridges made up with an envelope of fusible metal will be 
found very convenient, especially for quick-firing guns, the 
cartridge case disappearing with the products of combustion 
and requiring no extraction. 



Products of Comhustion, 

76. In (§ 28) it was stated that about 43 per cent, 
of the weight of the products consist of permanent gases, 
and 57 per cent, of compounds which solidify at ordinary 
temperatures. As the ballistic effect of gunpowder is 
simply a conversion of a portion of the heat evolved into 
mechanical force, by means of the expansive action of the 
permanent gases, a gun is just as much a thermal machine 
as is a steam or an air engine. 
' If then the initial and final temperatures of the gases could 
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be ascertained, the fall of temperature, subject to certain 
deductions, would give the energy of the projectile. These 
deductions are, the energy of the products of combustion, the 
energy of recoil of the gun and carriage, the force required 
to give rotation in rifled guns, and the friction of the pro- 
jectile and the escaping gases. 

77. This method of treatment of the ballistic problem is 
due to Count St. Eobert who devotes some space to it in his 
* Traite de Thermodynamique,* Turin, 1870, chapter iii., and 
an attempt to further develope it formed the subject of a 
paper presented by myself to the Institution of Civil 
Engineers in 1884, and published in the Minutes of Pro- 
ceedings, vol. XXX., part ii. It is further dealt with in a 
subsequent chapter of the present work. 

78. The volume of permanent gases, and the units of heat 
evolved from the combustion of a given weight of powder 
are fundamental data in ballistic problems, and the following 
table gives these for several descriptions of powder, as deter- 
mined by Messrs. Noble and Abel. 

79. Table of cubic centimetres of gas and units of heat 
evolved per gramme of powder : — 



DftRcription of Powder. 


a. 

Gramme units 

evolved from 1 

gramme of 

powder. 


6. 
Cubic centi- 
metres of gas 
evolved from 1 
gramme of 
powder. 


Products of 
aandb. 


Cocoa — Brown prismatic 

Spanish pellet 

Curtis and Harvey No. 6 . . 
Waltham Abbey, F.G 

„ R.L.G 

„ Pebble .. .. 
Mining powder 


837*0 
767*3 
764-4 
738 3 
725*7 
721-4 
516*8 


198*0 
234*2 
241*0 
263*1 
274-2 
278*3 
360*3 


165,720 
179,680 
184,220 
194,250 
198,980 
200,770 
186,200 



80. It will be at once observed, that those powders which 
evolve the most gas give out the least heat, which is no 
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donbt due to the disappearance of sensible heat, in giving the 
gaseous form to the products. 

As tlie pressure when confined in a close vessel is a function 
of the temperature and of the volume jointly, the figures 
given in the last column represent to a certain extent the 
relative pressures from the above powders. Thus the Waltham 
Abbey powders are pretty nearly equal, whilst the mining 
powder, Spanish, and Curtis and Harvey No. 6 are somewhat 
less, and the cocoa the least of all. The Curtis'and Harvey 
No. 6 and the mining powder are nearly the same, although 
the proportions of gas and units of heat differ by nearly 
50 per cent. 

81. The proportions by weight of the gaseous and solid or 
liquid portions of the products are shown in the following 
table, also due to Messrs. Noble and Abel. 



Deeeriptios of Powder. 


Water 
pre-exiateat. 


Gaseoas. 


Solid or 
liquid. 


Ck)coa — Brown prismatic 
Spanish peUet 




•0333 
•0065 
•0117 
•0148 
•0106 
•0095 
•0161 


•4175 
•3808 
•4109 
•4282 
•4298 
•4409 
•5135 


•5825 
•6127 


Curtis and Harvey No. 6 , 
Waltham Abbey, F.G. . . . 

n fv.Ii.Gr. . 

Pebble 
Mining: powder 




•6774 
•5569 
•5591 
•5496 
•4201 







Temperature of Combustion, 

83. If the specific heats of the various products of com- 
bustion were known, it would be easy to obtain the tempera- 
ture of combustion, but unfortunately this specific heat, 
though ascertainable at ordinary temperatures, increases with 
the temperature according to an unknown law. Con- 
sequently the temperatures as deduced from the specific 
heats at ordinary temperatures can only be taken as superior 
limits. 
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They will, however, approximately represent the relative 

temperatures of combustion, which may be found as follows : — 

(^ Let 3i¥^be the weight of powder ; 

H the units of heat evolved per unit of weight ; 

8 the mean specific heat of the products ; 

T the temperature of the products ; 
then 



or T = 



to 8 



And if w be taken = 1 gramme 

T = 5 

8 

84. The mean specific heat at constant volume, of the 
products of combustion at ordinary temperatures have been 
determined by Messrs. Noble and Abel, and the following 
table shows the corresponding temperatures, the units of 
heat evolved being taken from the table (§ 79). 

85. 



Description of powder. 


Gramme units 

of heat evolved 

per gramme. 


Mean 
spedlic heat. 


Temperatnre 
Centigrade. 


Cocoa— Brown prismatic .. 

Spauifih peUet 

Ourtifl and Harvey No. 6 .. .. 

Waltham Abbey, F.G 

,. B.L.G 

Pebble .. .. 
Mining powder 


837 
767-3 
764-4 
738-3 
725-7 
721-4 
516-8 


•20000 
•18773 
•18720 
• 18946 
- 18704 
•18503 
• 17846 


4185 
4087 
4084 
3898 
3881 
3900 
2895 



86. There can be little doubt that these are above 
the actual temperatures in a gun, but they probably 
represent the relative temperatures. There is, however, 
another method of calculation which probably gives pretty 
nearly the actual temperatures. It is obtained from a 
formula given hereafter, 

273/ 



T« = 



PoVo 
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when T^ is the absolute temperature taken from 273° below 
zero of the Centigrade scale. 

/ is the pressure of the gases arising from 1 kilog. of 
powder occupying at the temperature of combustion, 1 centi- 
metre cube of space. 

p = atmospheric pressure or 1*033 kilog. per square 
centimetre. 

Vo = volume of gases from unit of weight. 

Now for pebble powder and R.L.G. the value of/ is about 
2615 kilog. per centimetre, and Vo = 276^ 

Therefore, 

273 X 2616 



T„ = 



1-033 X 276 



= 2504° absolute, 



or by the Centigrade thermometer = 2504 - 273 = 2231° C. 
which is probably approximately true. 

87. If this be so the mean specific heats may be determined 
by dividing the units of heat evolved by unit of weight, by 
the temperature just found. This gives for pebble powder 
721-4 



2231 



= 0-322, 



which is about 75 per cent, higher than the specific heat 
made use of in the table (§ 85). 

If the specific heats used in that table be increased in the 
same proportion, the resulting temperatures will be 



Description of Powder. 


Temperature. 


Cocoa — Brown prismatic . . 


2390° C. 


Spanish pellet 


2335 


Curtis and Harvey No. 6 


2334 


Waltham Abbey, F.G 


2225 


,j A. Ij.Gr. . . 


2218 


„ pebble .. 


2230 


Mining powder 


1654 



The following table is given by Captain Eoulin of. the 
French Artillery, and is derived from the experiments of 
Messrs. Noble and Abel, and Messrs. Boux and Sarrau. 
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Gramme 


Volume of 




Force in 
kilogrammes 


' 


units of heat 


gas evolved. 


Temperature 


Description of Powder. 


evolved per 


cubic 


of combus- 




gramme of 


centimetres 


tion. 


per sq^uare 
centimetre. 




powder. 


per gramme. 






fPebble 


721-4 


276 


2241° 0. 


2615 


• 1 R T f 


725-7 


271 


2250 


2560 


S/f.g 


738-3 


259 


2280 


2520 


^ 1 Spanish pellet 


767-2 


233 


2350 


2300 


W 1 Curtis and Harvey No. 6 


744-4 


238 


2340 


2340 


I Mining powder . . 


516-8 


355 


1610 


2510 


^ 1 Fine poudre de chasse 


810 


234 


2500 


2450 


"g 1 Ordinary cannon powder 


756 


261 


2340 


2350 


2 1 Musket powder A 


732 


280 


2260 


2680 


fe \ Mining powder . . 


574 


316 


1770 


2340 



88. The high temperature of combustion of cocoa powder, 
accompanied as it is by an increased weight of the solid or 
liquid residue, and also by the increased charges required to 
keep up the ballistic eflfect, may probably have a good deal 
to do with the rapid erosion of the bore in modern artillery 
practice. 

Strength of Powder, 

89. By the term " strength " is denoted the pressure per 
unit of surface which the products of combustion exert on 
the sides of a close vessel which is filled with the powder at 
gravimetric density = 1 or 27*70 inches per pound of 
powder. 

The absolute strength under these circumstances has not 
yet been ascertained, because in all experiments made to 
that end, a certain amount of the heat evolved passes into 
the substance of the containing vessel, and consequently is 
lost as regards ballistic power. The proportion thus lost 
cannot be a constant ratio, because whilst the heat actuallv 
evolved is directly as the weight, or as the cube of the lineal 
dimensions of the vessel, the surface exposed varies as the 
lineal dimensions, as regards the sides, and as the square of 
the lineal dimensions as regards the ends. Consequently, 
the loss of heat is greater in proportion in a small vessel 
than in a large one. 
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90. Much uncertainty exists with regard to the actual 
amount of cooling in a gun due to the transmission of heat 
to the metal. 

Count St. Robert, by his experiments on small arms, con- 
cluded that about one-third of the whole heat evolved was 
thus absorbed, or about 250 units per kilo, of powder. 

Messrs Noble and Abel who experimented with a 12- 
pounder, estimated the loss at about 100 units, and in a 
10-inch gun at not more than 25 units per kilog. of powder, 
being about 14 per cent, and 3^ per cent, respectively. 

91. On this subject M. Sarrau has made some interesting 
remarks which may be stated as follows. 

92. Let w be the weight of powder burnt in a close 

vessel. 
Tq the initial temperature of combustion. 
T the temperature of the products at any time t. 
<T the surface of the vessel. 
V the rate of flow of heat in units per unit of 
surface and unit of time. 
Unities : decimetre, kilogramme, second, French unit of 
heat, degree Centigrade. 

93. The combustion is not instantaneous but progressive, 
and at the end of any time t the quantity burnt will be 
some function of t Let this be denoted by F (^). 

At the time t the heat absorbed may be represented by 



■I 



odt. (1) 



On the other hand, the heat lost by the products in falling 
from To to Tx is 

cF(0(T.-T), (2) 

being the specific heat under constant volume, therefore 



FQ)(T,-T) = a Tvdt. (3) 
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94. Now V is a function of the temperatures of the vessel 
and of the products of combustion, and depends also on the 
emissive power of the products, and on the absorptive power 
of the vessel. 

According to Dulong and Petit as quoted by M. Sarrau, 

t; = Hee'(a''-a'^i); (4) 

where T and Ti are the absolute temperatures of the 
products of combustion and the walls of the vessel ; 

e, the emissive power of the products ; 

e'y the absorptive power of the vessel ; 

a, a constant = 1*0077; 

H, a constant ; 

95. Now Ti is always small relative to T, so that a^^ may 
be neglected and we get 

i; = H e e' a''. (5) 

Therefore 

c F (t) (To - Ti) .= H e e' (rCa'dt (6) 

and writing z for To — T the fall of temperature 



.F(0=^j;^d*. (7) 



But 

T = To-«; 
Therefore 



' T * 

T T. — ;» * ® 

a* 



and (7) becomes 

2P p (<) = / a^^dt. (8) 

96. Whatever be * the law of combustion, P (t) may 
generally be developed according to ascending powers of ^ in 
the form 

F (0 = wa<(l + X« + /i«2+ Ac). 
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and developing z in the same form, or making 

and substituting in (6) the coeflScients may be determined. 

97. At present, we will suppose that the law of burning is 
uniform, then if t be the time of total combustion of a grain 
and of the charge 



F (0 = M^ - (9) 



T 



making 



(8) becomes 



H e e' o- a^o 



= K 



zF 



or 



(0=K f a"dt (10) 

Jo 

i = K ra'^'dt (11) 



which is satisfied by attributing to z vl value independent of 
t such that K a"' = w- , 

T 

or 

za'' = K- . (12) 

98. The hypothesis of a uniform rate of combustion is as 
we know incorrect, because in a close vessel the pressure 
increases as the time, and the rate of burning increases as 
the pressure ; on the other hand, the surface of the grains 
generally decreases as the time increases, so that there may 
possibly be no great error in the hypothesis of uniformity. 

99. The equation (Y\^ is easily solved when k is known, 
for taking the logarithms 



log z + z log a = log K + log T — log w, \ 



log z + z log a = log ( 
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But 

H e «' o- a^» 

"- -c ' 

and 

log K = log H -f- log e + log e' -\- log o- + Tq log a — log c, (14) 

In dealing with high temperatures the term To log a is 
very large when compared with the other terms, consequently 
a considerable error in the estimation of e or e' will not much 
aifect the results. 

100. Now the value of e the emissive power of the products 
is absolutely unknown, but as these products consist to a 
large extent of solid or liquid matter in a highly incandes- 
cent state, the emissive power is no doubt very great, and 
there will probably be no great error in taking e = 1. 

Tl^value of e' depends on the nature and state of the 
material of the vessel. M. Sarrau gives to e' the value of 
0*15, and to c the specific heat the value 0"185. He 
takes To = 4080° the theoretic value obtained by To = 

274 + - when Q = 705 units, and H = -000237,* making 
use of which values he finds 

* This value of H is deduced by M. Sarrau from an experiment made by 
Dulong and Petit (* Journal de I'fecole Polytechnique/ cahier xviii. p. 257), 
on the cooling of the bulb of a mercurial thermometer covered with lamp- 
black in a medium at 0° C, or absolute temperature T = 27^°, as follows : — 

Let h, be the quantity of heat passing in unit of time and surface = H 6 e' 
(aT- all). 

Then in 8 1^ the heat passing = ^ a- 8 f, and if w be the weight of the cooling 

body, c its specific heat, then the decrease of temperature 8 T s — 8 ^ and 

to c 

the thermometric velocity of cooling %' = — . 

wc 

Substituting for h its value H e c' (aT — aTi), we get 

h' = — - (aT - aT,). 

WG 

Let 

p = radius of bulb in decimetres, A = density of mercury, 

then 

4 0-8 

<r = 4 w p' and to = - ir p' A, therefore — = — - . 

3 to p ^ 
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logK = logH+ loge + logc' 4-log(r + To logo - logc 
= log -000237 + log 1 + log -15 + 4080 log 1-0077 
— log - 185 + log o- 
= 9-874 + logo-, 

and (13) becomes 

log 2 + « log a = 9- 874 + log T -f log - . (16) 

w 

101. If then the vessel be a cube of 1 decimetre, o- = 6, 

^ and giving various values to ^^ and w the corresponding 

values of z may be calculated. 

^ Assumingyjrand w as follows 



7 



^= 0-1 

^ = 0-1 



00 0-01 0-001 seconds, 

0-5 1-00 kilogrammes, 



the value of z, the fall of temperature, will be found as in 
the following table. 



T. 

seconds. 


to in kilogrammes. 


01 


0-5 


10 


s 


z 


z 




o 


O 


o 


•001 


1630 


1440 


1360 


•020 


1910 


1720 


1630 


•100 


2190 


2000 


1910 



and if = difFerence of temperature or = T — T, 



cp A 



Dulong took 6 = 0-8, e' = unity, T, = 273, c = -0333, A = 13-596, 
p = 0*3, and the velocity of cooling was found to be represented by 
K* — •OaSa.'? ra9 - 1\ Eauatinc' thfiSA two 



h' = -03395 (a« - 1). Equating these two 

H3ee'aTi 



03395 = 



cp A 



-03395 cp A , •03395X •0333x0-3x13-596 
•'• See'aTi 3x0*8xlxl0077"» 



orH= -000237. 
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102. From this M. Sarrau concludes, that it is not impro- 
bable that a reduction of temperature approaching to 2000° 
may take place in a close vessel, and that except for the 
cooling influence of the vessel, the theoretic temperature 
of 4080" might be realised. 

But as has already been observed the value e = 0*185 is 
probably too low for the specific heat of the products at the 
high temperature of combustion, and taking it at * 322' as 
obtained in section (87), the value of z would be as shown 
in the following table, for cocoa and pebble powder. 



• 




T, 

seconds. 


w in kilogrammes. 






0^1 


0-5 


1-0 






z 


z 


z 






/ 




o 


o 


o 








•001 


117 


41 


25 






Cocoa y 


•010 


296 


164 


116 






\ 


•100 


517 


360 
29 


296 








•001 


90 


16 






Pebble 


•010 


255 


132 


90 






I 


•100 


473 


318 


254 





From this table it is seen, that the loss of temperature in 
Y^^ of a second when 1 kilog. of pebble burnt in 1 deci- 
metre cube or with gravimetric density = 1, would be only 
W C. which corresponds to 16 x '332 = 5*32 units of heat, 
or about y^ part of the heat evolved. 

103. In the above calculation the fall of temperature z is 

H e e' T a "^^ a 

obtained from the formula za* = • — which gives 

c w 



log2 + 2log a = log f- log - , 



MO 
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and in the case of cocoa brown prismatic with r = • 001, 
log 2 + 2 X • 0033 =• 67632 + log - . 

In the case above, if 1 kilog. is burnt in 1 decimetre 
cube w=\ and <r = 6, which gives 

« + K^ = 1-45457, and 2 = 25°; 

but in the case of a 12-inch gun firing 295 lb. of powder in 

a chamber whose surface is 185*6 decimetres we would 

have a = 185 • 6 decimetres and w = 133 • 8 kilog. 

Therefore 

o- , 185-6 



Consequently 



^°g« = ^*'Sx33:8 = 0-14206. 



log a + -— = -67632 + -14206 = -81238, 

from which z is found = 6° ' 45 which corresponds to a loss 
of 2 • 15 units per kilogramme of powder or only about ^^ 
part of the heat evolved. 

104. The above calculations are based on the assumptions, 
of a uniform rate of burning, that Dulong's law applies to 
the very high temperature dealt with, and that the value of 
€ which is unknown is equal to unity, the first of which is 
certainly not true and the other two uncertain, yet one or 
two important conclusions may be drawn from the results 
arrived at. 

(a) That the temperatures of combustion existing in a 
gun are certainly far below those given in the first table 
(§ 84), and are probably more nearly represented by 
table (§ 87). 

(b) That the approximate mean value of the specific heat 
of the products of combustion, at the temperature of com- 
bustion, is not far from • 322. 

(c) That the units of heat abstracted by the walls of the 
gun chamber are very insignificant, not exceeding y^^ part of 
the heat evolved in a small gun with pebble powder, and jj^ 
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part in a 12.inch chambered gun with cocoa powder, in each 
case during yq*to of a second. 

105. It is therefore probable that the temperatures of 
combustion given in table (§ 87) may be adopted in future 
calculations, and that the effect of cooling, especially in 
large guns, may be neglected. This investigation therefore, 
however tedious it may thought to be, gives results of 
considerable value. 

Tension of Oases. 

106. Messrs. Noble and Abel adopt the hypothesis, that at 
the moment of combustion, a portion of the products amount- 
ing to about • 57 of the total weight, are not gasified, but 
diffused in a liquid form thipoughout the gases, and that they 
remain throughout at the same temperature as the gases, 
and, even if it be admitted that this portion assumes a 
gaseous form at extreme temperatures, they maintain with 
Bunsen and Schischkoflf, that the tension of such gases is too 
feeble to exert any sensible influence on the pressure. 

They also maintain, that the pressure of the permanent 
gases may be calculated by the ordinary laws for gaseous 
matter, deducting from the volume of the containing vessel 
that of the non-gaseous matter at the temperature of com- 
bustion. 
Let then 

C = volume of containing vessel. 

w = weight of powder. 

To = absolute temperature of combustion. 

a = volume of non-gaseous matter arising from unit 

of weight of powder at temperature To. 
Vo = volume of the permanent gases arising from unit 
of weight of powder at temperature zero and 
atmospheric pressure. 
Pq = atmospheric pressure (= 103*33 kilog. per square 

decimetre). 
p r= pressure after explosion. 
Then C — a w? = vol. of permanent gases at T©, 

E 
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and ^ s j^ — . ^=^ (adopting the Centigrade scale) and 

if we mnXef ^ ^fs^ 

107. If the Teasel be not entirely filled with powder, the 

density of charge (gravimetric density) must be taken into 

w 
account. Let this be represented by A, then A = p,* and 

(1) becomes 

108. The symbol / is what is called by M. Sarran the 
** force " of the powder, bat it must not be confounded with 
the absolute pressure or tension of powder exploded in a 
close yessel originally filled with powder, and which was 
determined by Noble and Abel to be about 43 tons per 
sq. inch or 6568 hilog. per sq. centimetre. 

By " force " of the powder M. Sarrau denotes the pres- 
sure of the permanent gases arising from * 1 kilog. of powder 
at the temperature To of Combustion when occupying unity, 
i. e. 1 decimetre cube or 1 litre of space, that is to say, 
when exploded in a vessel whose capacity is 1 + a, a 
being the volume occupied by the non-gaseous matter. 

The value of / is - ^° ^ ° and for the same powder 

'Sl-±^ is assumed to be constant, and independent on the 

gravimetric density of the charge. 

Vo is the volume of permanent gases at temperature zero, and 
in powders of the same composition may be considered as 
constant. In order that To should be constant, it is neces- 
sary, firsts that the exterior work be nil, which is of course 

* Here the unities are the kilogramme and decimetre, and since 1 kilpg. of 

vo 
powder occupies 1 dm.*, ^ = q * 
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the case in burning powder in a close vessel ; second, that 
the cooling during the period of combustion is insignificant, 
which we have already shown to be the case; and third, that 
the interior work corresponding to the expansion of the gas 
shall be nil, which is in fact only a consequence of the 
assumption that the permanent gases follow the same law 
as a perfect gas. 

It may therefore be assumed that the value of / is con- 
stant for each powder, and independent on the circumstances 
under which it is burnt. It may therefore be considered as 
a ** characteristic " of the powder, directly proportionate to 
the tension or pressure, and may be called the actual strength 
of the powder. 

109. From the formulse '/ = .P?J^« and » = / . ^ 

273 ^ -^ 1-aA 

the values of/ and |) may be calculated from the data con- 
tained in tables (§§ 79 and 87), making a = 0*57, according 
to Noble and Abel's second paper,* and A = 1. 
This gives the following table : — 



Description of Powder. 


/ 

Kilog. 
per square 
decimetre. 


KiTog. 
per square 
decimetre. 


Tons per 
square inch. 


Potential 
metre-tona 
per kilog. 


Cocoa — Brown Prifimatio . . 

Spanish pellet 

Curtis and Harvey No. 6 . . 
Waltham Abbey F.G. 

tj Xv.Ii.Gr. .. 

„ Pebble .. 
Mining powder 


200,700 
231,100 
237,800 
248,700 
258,450 
263,600 
262,700 


466,700 
537,400 
553,000 
678,200 
601,000 
612,800 
610,800 


29-62 
84*12 
35-21 
36-71 
38-16 
38-93 
38-80 


365 
335 
333 
322 
317 
314 
225 



110. In the last column of the above table, are placed the 
potentials of the powders (§ 11). It is curious to observe 
that the actual effect of the powder does not at all follow its 
potential. Comparing the cocoa with the mining powder 
the potential is 62 per cent, greater whilst the actual effect 
is 24^ per cent. less. 

Comparing again the pebble and the mining powder the 



* Phil. Trans., 1880. The vahie of a adopted by M. Sarrau was 0-60, 

E 2 
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potential is nearly 40 per cent, greater, whilst the actual 
effect is nearly the same. 

111. This last remark was confirmed by actual experi- 
ment by Messrs. Noble and Abel, who found the actual 
pressure fired in a close vessel to be 

Waltham Abbey powder, 43 tons per square inch ; 
Mining powder 44 „ „ 

and from this they conclude that the capacity for performing 
work of the various descriptions of powder is not very 
different. This conclusion is not borne out by the calcula- 
tions, the results of which are given in the last table. 

It is true that cocoa powder was not in use at the time of 
these experiments, but excluding it, there appears to be a 
difference between Spanish pellet and mining powder of 
about 12 per cent, in favour of the latter, whilst the poten- 
tial was 50 per cent, greater in the former. 

112. If the above results are even only approximately 
true, the disadvantages of cocoa powder seem apparent : not 
only is it a very weak powder, involving much heavier 
charges for equal ballistic effect, but it is a much more 
expensive powder and more diflScult to manufacture. 

In the evidence given by the Superintendent of the Boyal 
Gun Factory before Lord Morley's Committee in 1887, it was 
stated that the costs were as follows : — 

8. d. 

Pebble manufactured at Waltham Abbey 46 4 

„ bought from the trade .. .. 60 

Cocoa prism, brown, Waltham Abbey .. 86 7 

„ Westphalia Company 109 7 J 

„ Eoth Weill Company 110 6 

„ Chilworth Company 123 9 

113. When it is borne in mind that the cocoa powder is 
24 per cent, less powerful than the pebble, it is apparent 
how disadvantageous it must be in an economical point of 
view. But the disadvantage does not stop here. The 
increased bulk of the charges, involves larger chambers in 
the guns, larger cartridges and larger magazines. Nor is 
this all, the increased bulk of the products of combustion, 
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and the increased temperature of combustion, must increase 
the erosion of the bore, and it is probable that much of the 
erosion which is becoming so very serious in our modern 
artillery, is due to these causes. 

The presumed advantages of cocoa powder, viz. the low 
pressures obtained, are due chiefly, if not entirely, to the 
small surface and slow rate of ignition, and the consequent 
displacement of the projectile before the whole charge is con- 
sumed, thus keeping down the maximum pressure in the giin. 

114. There . is a difference of opinion among artillerists, 
with respect to the action of the products of combustion 
whilst expanding in a gun. 

The first hypothesis, which is that of Messrs. Noble and 
Abel, is that the non-gaseous portion of the charge in a 
liquid state is very finely diffused throughout the gases, and 
is always at their temperature, thus giving out heat whilst 
they expand, and consequently to that extent preventing the 
fall of pressure. 

The second hypothesis, that of Messrs. Bunsen and 
Schischkoff, is that the temperature of the non-gaseous 
portions remains constant or nearly so, and that whatever heat 
it gives off is simply radiated to the walls of the chamber, 
without affecting the temperature of the gases. 

Ist Hypothesis. 

115. In a lecture read by Captain Noble on 3rd April, 1884, 
at the Institution of Civil Engineers, on "Heat Action of 
Explosives," he says, ** In the researches made by Sir F. 
Abel and myself, when we found that the pressures in the 
bores of gims, and the energies generated by gunpowder, 
were far in excess of those deduced from Bunsen and Schisch- 
koff's theory, we came to the conclusion that this difference 
was due to the heat stored up in the solid, or rather the 
liquid products of combustion. In fact these products, 
forming as they do nearly three-fifths of the weight of the 
powder, being also in a state of very minute division, con- 
stitute a source of heat of a very perfect character, and are 
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available for compeDsating the cooling effect due to the 
expansion of the gases on the production of work. 

116. Captain Noble does not state in what way the great 
excesses spoken of were determined, but it is to be presumed 
that he is comparing the actual results obtained from the 
energy imparted to the projectile, with the results which 
would be deduced from a pressure curve formed on Bunsen 
and Schischkoff's theory. If so I am quite unable to accept 
his conclusions. The energy as measured from pressure 
curves, is always greater than the actual energy imparted to 
the projectile, as various other resistances have to be over- 
come, as will be seen hereafter, and unless it can be shown 
that these resistances are greater than the above differences, 
there is no need to seek for a source of heat in the non- 
gaseous products. 

117. M. Sarrau has investigated this point by calculating 
the ballistic result, according to the two hypotheses in three 
different guns, and comparing these with the actual results 
obtained by firing. 

The following is his method of procedure : — 

Ist Hypothesis. 

118. Let W = exterior work done. 

E = mechanical equivalent of heat. 
c = mean specific heat of products of combustion 

at constant volume. 
y = Y{t) = weight of these products at any time t. 

T = their absolute temperature at same time. 

To = initial " absolute " temperature of com- 
bustion. 

po = atmospheric pressure. 

p = pressure of gases at time t. 

Vq s= specific volume of gases from unit of weight 
(1 kilog.) of powder at zero and atmo- 
spheric pressure. 

V = volume of the gases at t. 
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Then 



but 



^ = cy(To-T); (1) 

^ 278 V ^ ^ 



Eliminating T between (1) and (2) and observing that 

jpt,4.2eW=/y. (3) 

Let then m = mass of the projectile. 

ft) = area of bore or transverse section of projec- 
tile. 

I = distance moved by projectile at t. 

z = length of initial void, or length of bore which 
would give the same capacity behind the 
projectile as the vacant space before the 
projectile began to move and consequently 

V = 0) (« + 0- (*) 

V is thus made up of 

(a) Vo = initial space in the chamber not filled with 

the charge. 
(6) yi = interstices between the grains of powder 

which are unburnt at t 
(e) col = the cylindric volume generated by the 
motion of the projectile at time t 
When the whole of the charge is burnt there should be 
added, the original volume of the powder, less the volume of 
the residue of non-gaseous matter at the temperature of 
combustion, but as this is practically equal to the original 
volume of the powder, this item is reduced to zero. 
Consequently 

V = Vo + yi + <oi; 
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but, as before, 

Therefore 

cu« = Vo + yi and 2? = - (Vo + yi). (6) 

(0 

Now supposing the ignition and combustion to be instan- 
taneous, i. e. before the projectile moves, V© + Vi is constant 
and therefore z is constant in this case. 

Calling Zq this particular value of z, its value is 

8- A 



^0 — '0 ^ 



-'.('-f)="iG-l) («> 



in which l^ is the length of a cylinder whose diameter is the 
same as the bore o), and whose capacity is the same as that of 
the chamber. It may be called the " Beduced Length " or 
the " Equivalent Length " of the Chamber. 

A is the gravimetric density (" Density de Chargemeut "). 

8, the absolute density of the powder. 

Wf weight of the charge. 

Unities, kilogrammes and decimetres. 

The equation of motion of the projectile is 

119. On the hypothesis of combustion before the projectile 
moves, this equation is immediately integrable, and the 
resulting velocity, though not exact, will be the superior 
limit of the realisable velocity. 

Therefore 

'"'£{^ -{rU"\- . <»' 

Now, as was shown above, 

^«.Po£oTo , p^v^ . 

•'"■ 273 ""2x273xBc' 

therefore 

^ = 2EcT, 
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and 

The values of 6 for the powder used by M. Sarrau were 

dm. 

For the small gun • 65 calibre, sporting powder • 064"9 

gun 1-53 „ cannon .. .. 0-0612 

gun 2-42 „ Wetterenlf .. 0*0667 

2nd Hypothesis. 

120. By this hypothesis the non-gaseous matter imparts 
no heat to the gases. 

Let then e = weight of non-gaseous products from 1 kilog. 
and T, Tq, and y = as before. 
Ci = specific heat at constant volume of gaseous products. 

Then, as before, 

W 

E = ^i^y(To-T) (10) 

which only differs from (1) by changing c^ e to c. 
Therefore, 

2 e = -^^ ^'^ ; nn 

273E€Ci' ^^^^ 

and since Vo is the volume of a weight of gas e, the specific 
volume = -? ; and if c^ = specific heat at constant pressure 



E = 



Po% 



273€(c^-ci)' 
and if .^ 

» = -', 

and 
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Now by (11) 



or if 



2 X 273E€Ci 
/=2cc,ETo; 

^=2€^-iEQ, 
© c 



r^ 



which values inserted in (8) give 

or 

^ = 2.c.ET,^{l-(,-^,y}. (12) 

121. The equations are therefore, 

Ist Hypothesis, t;^ = 2 E To c - Jl - (j-^J } (13) 

2nd Hypothesis, w^ = 2 E T^ . c^ c . ^^l^(^^^ * | (14) 
for Wetteren powder, in both cases. 

The values of e and Ci used by Sarrau are those given by 
Bunsen and Schischkoff, viz. 

c = mean specifLC heat of all products .. .. *185 
Ci = specific heat of gases only • 164 



therefore 



-' = 0-887. 



The specific heats as determined by Noble and Abel for 

pebble powder are 
^ c = 0-1916 

c, = • 1760, 

therefore 

^ = 0-918. 
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122. From the above formula M. Sarrau calculated the 
following table, giving the calculated as compared with the 
actual results obtained by firing with three guns. 

dra. 

1. Military rifle 0*175 calibre, fired with sporting powder. 

2. Eifled gun 1 • 53 „ ordinary cannon powder. 

3. „ 2-42 „ Wetterenlf. 



The table also gives the Ballistic Elements of the Guns. 



123. 







Calibre. 




Designation of Ballistic Elements. 
Kilogrammes and decimetres. 
















0-175 


1-53 


2-42 


e = Calibre 


•175 


1-53 


2-42 


I = Travel of projectUe 


9-80 


27-91 


34-45 


Zq = Equivalent length of chamber . . 


• • 


2-95 


7-63 


A = Gravimetric density 


1-00 


-537 


•798 


«o = Reduced length of initial void . . 


•0435 


1-92 


4-24 


w = Weight of charge 


•0025 


2-90 


28-00 


"W = „ projectile = mg. 


•036 


24 00 


144-00 


Q = Heat of combustion = o T^ . . 


•849 


-795 


-795 


c = Weight of gaseous products of 
1 kilogramme 


•337 


-412 


-412 








Vig= Velocity from (13) 


4940 


4820 


5600 


V„= „ (14) 


3650 


4470 


5330 


Vo = Observed velocity 


2750 


3340 


4320 



124. It will be observed, that in all cases the calculated 
velocities are considerably greater than the observed 
velocities. In the case of the 1 * 53 gun the velocity given 
by (13) is about 45 per cent., and in the 2*42 gun about 
30 per cent, above the observed velocity, whilst by formula 
(14) the excesses are 34 per cent, and 24 per cent, 
respectively. ^^^ aUnT'* U 

Now, unless the passive resistances -eqt^l this 24 per cent., 
there is no reason why an increase of temperature should be 
sought for from the non-gaseous products according to Noble 
and Abel's hypothesis, and although the above table is only a 
rough approximation, it represents pretty accurately the 
comparative results of the two hypotheses. 

As regards the two guns of 1*53 and 2*42 calibre, the 
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excess of velocity due to the excess heat imparted to the 
gaseous products by Noble and Abel's hypothesis is about 
7 • 8 per cent, and 5 J per cent, respectively. 

On the Movement of the Products of Combustion. 

125. It is usually assumed that for the real state of the 
products of Combustion, an ideal state may be substituted ; 
in which the whole mass should at each instant have a uni- 
form density and temperature equal to the mean density and 
temperature of the mixture, and on this hypothesis the 
movement of the products has been analysed from the 
principles of the motion of permanent gases. 

126. M. Sarrau treats this question as follows : — 

Let y = weight of products of Combustion at any time t. 
W = exterior work done. 

fi = total mass of the charge = — . 

Sfi = mass of an element of the mixture of gaseous 
and non-gaseous and unconsumed portions 
of the charge at the time t. 
x = distance ofSfi from breach at t. 
T = mean temperature of products of Combustion. 
c = specific heat of products at constant volume. 
To = " absolute " temperature of Combustion. 

127. If the products of Combustion were formed without 
any sensible internal movements of their own and without 
production of external work, they would remain at the 
temperature To. But by reason of their proper motion and 
the work done in expanding in the bore, the temperature 
falls from To to T, and the work due to this fall of tempera- 
ture is equal to half the vis viva of the charge plus the 
external work done. 

Consequently equation (1), p. 55, W = Ecy (To — T) 
becomes 

W + itey8/x = Ecy(T.-T). (15) 
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Now by (2) 



becomes 



^ 273 V '^ 273 



>""¥,-■'- f't^'"- w 



Elimiaating y T between (15) and (2) 



J»V + 



f^/-^V + 2e(W + i J(||y8^)=/,. (17) 



128. Now let Z + Zo be the distance of the base of pro- 
jectile from the breech, Iq being the original distance or 
equivalent distance, and I the travel of projectile. The 
distancels evidently less than I + Zo, a^d the velocity and 
acceleration of the element S fi less than those of the pro- 
jectile, therefore, 

•J«|^:8^ = a;.(^ + g|i; (18) 

and 

^)8^ = a.^(-). (19) 



J( 



a and ai being coefficients less than unity. 
129. If m be the mass of the projectile, 

z, the reduced length of the initial void equal to 

pY = m(l + z)jj^, (20) 

dl\2 



and writing 13 for .-^-^ , 

(18) becomes C x^^S ,, ^ a p ,jl{1 + z)^^^, (22) 

and (17) becomes 
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which is the equation of motion of the projectile, and differs 
from that previously obtained (7) only by the coeflScients of 
the two terms of the first member. 

130. These coefficients reduce sensibly to unity when the 
mass of the charge is small compared with that of the pro- 
jectile. This condition, however, is not usually realised in 

practice as the ratio ^ is often J or J, and the coefficients 

fifh 

therefore vary considerably from unity. 

To ascertain their actual value it would be necessary to 
know the law of variation of the velocities and various 
accelerations of the elements of the charge. This law has 
been the subject of many researches by Lagrange, Poisson, 
and Piobert, but the problem is a very difficult one, and the 
solutions too complex and the bases too uncertain to make it 
of practical utility. 

131. M. Sarrau however remarks, that happily its import- 
ance is only secondary, and that the equation (7) really 
renders account of the most essential elements of the problem. 

In this point of view he remarks, that a and ai have 
values less than if the whole charge were instantaneously 
gasified. At any given moment of time, the non-gaseous 
products and the unburnt gases are diffused throughout the 
whole mass of the gases, and so surrounded by them that the 
pressure on the whole surface of each particle is practically 
equal. Their accelerations and velocities are therefore very 
small, consequently the corresponding elements of the 
integrals in (18) and (19) would have an insensible value, 
and consequently the integrals are diminished. This, how- 
ever, would not be so, if the time of Ignition was greater 
than that of the combustion of the grain, which might be the 
case if the grain of the powder was small and the length of 
the charge very great, in which case the front part of the 
charge might be driven forward with the velocity of the pro- 
jectile, or even less, wedging the powder in the front part of 
the chamber. 

132. If the whole of the charge be consumed when the 
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projectile begins to move the accelerations and velocities of 
the mixture of products may be determined as follows : — 

Let the mass of products be divided into an infinite number 
of thin slices at right angles to the axis of the bore, and 
suppose the whole of the particles of each slice to have the 
same velocity and acceleration parallel to the axis. 

Ijct p = the density of any one slice ; 
dx = i\j& thickness ; 
(o = area of the bore ; 
then ptodx is the mass of the slice and (18) and (19) 
become 

and 

0) 



•J(diT'"'*' 



to integrate which it is necessary to know the law connectiDg 
the velocity and accelerations with the position of the 
slice. 

134. Piobert supposed the velocity of any slice to be pro- 
portional to its distance from the end of the bore, or 

— = — — . -- . (24) 

dt l + h dt ^ ^ 

Differentiating with respect to t, 

d^x 1 dxdl, X d^l X /dl 



ax a I X a' I x /^*\ 

dt df^ Z4lT ' d^ " (I M LV " \dt) 



2 



dt^ l + lo dt dt' Z+io df^ {l + ky ^dt 
d 06 

and replacing j- by its value from (24), 

d^ X X dH /c)K\ 

dt^^T+lo'd?' ^ ^ 

from which it appears that the law of the accelerations is the 
same as that of the velocities. 

135. The density p varies throughout the mass according 
to an unknown law, but the variation is probably not great. 
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and may be neglected in the calculation of terms whose 
numerical importance is relatively small. 
Under this hypothesis 



and 






The integral j oj^daj is to be taken within the limits 

I + U aiid a^d its value is therefore ^^ — ^-^ . Substituting 

o 

which, and observing that 

p O) (Z + Zo) = fl, 

we get 



and 



P/<Z«\% 1 /^;.2 



but by (18) and (19) 






and 

therefore we get 

1 

a = a, = g. 



(26) 



This value is the superior limit, and as only about 
■j^ths of the charge is reduced to gas, the real value may not 
exceed ^j. 

136. When the reduction to gas is total, the coefficient 

)8 = -J is reduced to unity. 

When the reduction is partial and progressive /9 approaches 
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to unity with increasing values of 2, and may still be con- 
sidered as = 1 without inconvenience. 

When I is very small, ^ differs from unity, but in this case 
a and ai are very small, and the influence of these terms is 
negligible. 

137. If in (23) a = ai be made J we get 



d'^l . /dl 






m 



('+*£) 



(27) 



SO that the essential form of (3) remains the same, there 
being a slight change in the second side only, and this may 
be treated as an increase of the mass of the projectile by 

3 m 

If — = ^ the mass of the projectile may be considered as 

increased by one-ninth. 

M. Sarrau points out, that within the usual limits of 

practice, the ratio - does not vary much, and in such case 

the effect of its introduction in (27) is virtually to reduce 
the value of/. 

In like manner, he says that the effect of cooling by trans- 
mission of heat to the metal of the gun, may be taken into 
account in estimating the value off. This is no doubt true, 
and it can lead to very small error, provided the value of / 
as estimated is applied to ballistic elements not too widely 
differing from those of its estimation. 

138. It is very truly observed by M. Sarrau, that the a priori 
determination of /, by the methods above given, almost 
loses its practical value, inasmuch as we are not in a position 
to apply to it the proper, reductions due to the various causes 
of loss of work. 

On the other hand, too much importance must not be 
attached to this. He says, " It would be very difficult, and 

F 
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of no great practical utility to obtain a formula which would 
permit the calculation a priori' of all the effects, without 
borrowing from experiment certain practical data ; but a 
theory which by obtaining from a few practical experiments 
certain coeiBScients, and which would then serve to calculate 
the effects realisable in other conditions than those of the 
actual experiments, would evidently be of no great practical 
use. What is really required is to establish the form of the 
relations which bind together the effects obtained, to the 
'* Ballistic Elements," and thus to avoid the use of purely 
empirical formulsB, which in the absence of any natural 
guidance, may be found incompatible with the nature of the 
phenomena which they are intended to represent. 

139. The formula? generally given in treatises of Ballistics 
are purely empirical ; they embody the laws which cornbine 
together the velocity of the projectile with certain ballistic 
elements, such as the weights of charges and projectiles, the 
length and calibre of the guDs, but they do not take account 
in any way of the peculiar properties of the powder 
itself. 

It is here that M. Sarrau has stepped in and by the 
guidance of theoretical considerations, has succeeded in a very 
remarkable degree in obtaining formulae for velocity and 
pressure, into which the special character and nature of the 
powder, its force, the rate of its combustion, and the form of 
the grain are all introduced, and thus the discussiou of these 
formulae has led to very important conclusions relatively to 
the conditions of loading, and the nature of the powder suit- 
able in every case. 

The following chapter is devoted to an explanation of the 
methods followed by M. Sarrau, and it is indeed little more 
than an abstract of his own writings, which, by his kind 
liberality I am permitted to make use of. 
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CHAPTER III. 

M. SARRAU'S FORMULA. 

110. In the establishment of formulaB for the initial 
velocity and pressure, M. Sarrau commences by seeking 
from theoretical considerations, the rational^ if not the exact 
form of the relations which bind these results to the ballistic 
elements (Elements du Tir) such as the weight of charge 
and projectile, gravimetric density, and dimensions of the 
gun. Then he determines by experiment the value of the 
constants which enter into these formulae, and finally he 
verifies the results by a comparison with actual practice. 
His formulae contain certain factors which he terms " charac- 
teristics of the powder," and which depend upon its com- 
position, the form and size of grain, and the velocity of 
burning in free air. 

141. He assumes, 

(a) That the period of Ignition of the charge is small in 
comparison with that of its Combustion, an assumption 
which is no doubt correct with regard to modem powders 
such as Pebble and upwards in size, and which may be made 
true with small grain powders by proper conditions of load- 
ing, but which probably is less true with prismatic powders 
packed closely together, so as to prevent to a great extent 
the immediate access of the Ignition to the outer surface of 
the grains. 

(6) That the permanent gases of the products of com- 
bustion in expanding, do not receive any heat from the 
non-gaseous products. This is contrary to the opinion of 
Messrs. Noble and Abel, but it is supported by the fact that 
the permanent gases are very diatheruial and have but a 

F 2 
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feeble absorbing power, and, as has been previously shown, 
there is no deficiency in heat, when the actual results are 
compared with calculation, to necessitate any such collateral 
source of heat as is supposed by Noble and Abel. 



Differential Equaiion of Motion of Projectile. 

142. Let q = weight of powder burnt at the end of 

time t. 
X = distance passed through by projectile at do. 
Pi = mean pressure of gases in kilog. per sq. 

metre. 
Vi = volume of the space behind the projectile 
less the original volume of the charge in 
cubic metres. 
V = velocity of projectile. 

143. If at the time t, the charge ceased to bum, the gases 

already formed would continue to expand adiabatically, 

and if P be the mean pressure and V the volume at a time 

^1 greater than t 

P V" = Pi Vi" (1) 

where n is the ratio of specific heat at constant pressure to 

that at constant volume = -7^ = ..-^^ = 1-319. 

Op • 1762 

Let W = exterior work done at the time ^1, then the work 

done at dti will be d.W, and 

d.W = P(2V. (2) 

Introducing the value of P from (1) and integrating 

W=-£L-1Lv^- + C, (3) 

but when ^ = <i, V = Vi, and W = i w t;* (neglecting the 
vis viva of the charge), therefore 

^ n- 1 

* Noble and Abel, 2nd Memoir. 
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and 

P V " P V 

W= --i-li-V^-» + 4wf;2 + £i-ll. /4) 

n — 1 ^ n- 1 ^ ^ 

If now the gun be supposed indefinitely long, and V 

10 fa P V 

tends to infinity, W tends to — ^ and -1^ — I V^~" tends to 

zero, since n is greater than unity. 
Therefore 

144. That W tends to ^^? is thus shown. ' , 

7/ If t(; be the weight of a charge burnt, the gases evolved 

will occupy at the origin a volume 

V = —^ ; therefore P© V© = P© » Q» 

The product Pq v is constant, whilst v varies, so long as 
the temperature To is constant, but when v = • 001 cubic 
metre the pressure is what M. Sarrau calls the ** force of the 
powder '' and denotes by/ 

If therefore / be expressed in kilogrammes per square 

centimetre, and Po in formula (4) in kilogrammes per square 

TTietre 

Pof> = 10,000/ X -001 = 10/; 

or making v = y^ — - r- 

'^f ^ PoT, = io/«>: ~- - ' % 

But 



- "-i-^i-a-n 



V 

When the gun is prolonged indefinitely ==-® tends to zero, 

and therefore W tends to — i^ as stated in the preceding 

» — 1 

paragraph. 
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145. Equation (5) may be transposed thus : — 

Since v = -=~, and Vi = oo (x -{- z) and Pj a> differs very 

little from the moving force, or m — . " ^ 
Inserting these values in (5) 

^ 10/tl? , /diC\2 ^2^. a; + 2 

=z -k ml —■=- I -4- ni -rr— „ • L 



* • • 



or including the factor 10 in /, which is only changing the 
unity of measure of/, which then becomes hectogrammes per 
square centimetre, 

146. This formula, which is the same as that arrived at by 
M. Sarrau, has been deduced by a somewhat shorter method 
by Captain Eoulin of the French Artillery, from whom the 
above is borrowed. 

It is not rigorously exact because in deducing it several 
elements of minor importance have been neglected, but as we 
proceed to show, all these may be taken into account in the 
factor /, which is a purely numerical factor ascertainable by 
experiment. 

147. (a) The gases are to some extent cooled by contact 
with the walls of the chamber, and therefore the work done 

V is less than — — r by a quantity depending on this cooling 

action, and this quantity is one depending on the weight of 
powder burnt as compared with the amount of cooling 
surface. Were this determined, the error might be compen- 
sated by altering the value of/. 

(h) At any time ty the work done is not strictly — ^^ , but 

half the vis viva of the whole system, including the projectile, 
the charge, the gun itself, and the carriage. Consequently 
the value of m is increased. 



m v^ 
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The real value of this term is in fact 

Mm ' 
where 

M = mass of gun and carriage. 

fi = mass of the charge, 
p = radius of gyration of projectile. 
E = radius of the bore. 
= angle of rifling. 
v^ = velocity of recoil. 
The value of the factor within the brackets is generally 
not much greater than unity, because generally 

gtane< -005, 

/-<-1666, 
3 m 



( 



-+i) 



M + m 



<-03, 



and in any case these terms are independent of the time, 
and consequently may be made to enter into the value of ni 



m 



mv^ 



2 • 

(e) Since there are passive resistances opposed to the 

cPx 
motion of the projectile, P © is not = m -=-5 but has a greater 

(t t 

value, consequently this value of the second term is too 
small, and to make up for the passive resistances it is neces- 
sary to increase m in this term. 

147a. Consequently, in order to make equation (6) correct 
it is necessary 

1st. To diminish /on account of cooling. 

2nd. To increase m in the two terms of the 2nd member, 
or what comes to nearly the same thing on account of the 
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form of the equation, diminish still further the yalue of/ in 
the first member. ' 

Hence all the corrections relative to the neglected 
elements may be included in the value of/, and this quantity 
is therefore simply a numerical coeflScient, the value of 
which must be found by experiment. 

148. The integration of (6) will give the form of the rela- 
tion which unites the effects, viz. velocity and pressure, to the 
various and variable ballistic elements. 

Writing 6 = ^ ^ equation (6) becomes 






being a constant, n was formerly estimated at 1'41, but 
the more recent estimate by Noble and Abel is 1 -31. 

148a. Before proceeding further it is necessary to make 
a few remarks respecting the Combustion of the charge. 

149. Let w be the weight of the charge and q the weight 
of the powder burnt at the time t, then y is a function of i 
and may be represented hy w,-^ {i). 

yfr (t) depends on the form of grain and on the rate of burn- . 
ing of the powder in free air, and before proceeding with the 
integration of (7) it is necessary to determine the form of 
this function. 

150. As was previously remarked, a distinction must be 
made between Ignition and Combustion, and in every case, if 
a high ballistic effect is sought for, ignition should be as 
nearly simultaneous as possible throughout the charge. 
With large-grained powders this is obtained by the frequency 
and size of the interstices between the grains, whilst with 
fine-grained powder it may be obtained by a hollow space 
such as a perforated tube extending throughout the full 
length of the cartridge. With very large charges it may 
happen that the Ignition of the front part of the charge 
takes place at so late a period that many of the grains leave 
the muzzle of the gun long before they are consumed. It is 
needless to say, that this is simply bad artillery practice and 
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it would it be folly to seek for any ballistic formula suitable 
for such cases ; nor has this been attempted by M. Sarrau. 
He assumes that the period of Ignition ' is very small 
compared with that of Combustion, an assumption which I 
believe ought to be realised in all cases. 

151. It is therefore with Combustion that we have now to 
deal. 

Let then S be the ignited surface, which is supposed to be 
the whole surface of the grain ; 
V, the velocity of combustion at any time t ; 
S, the absolute density of the powder ; 
ri, the " rate of emission " of gas ; *-* •''' 

The volume burnt in di ^ S V d ^, and : ^ \ , 
Tlie weight „ dt = ^Nhdt. . '' 

Consequently the rate of emission, i. e. the volume evolved 

ina^ = j-z =SVd. /^-^-r^w-C-^e--^'-^^ ^ 

dt 

152. It was found by Piobert's experiments that the 
velocity of burning varied inversely as the density, conse- 
quently VS is constant, and the rate of emission is proportional 
to the surface simply, but this surface is constantly varying 
and the variation depends on the form of the grain. 

153. The case of Combustion in free air will first be con- 
sidered. The grains being homogeneous and spherical, and 
the combustion being in free air, of course the pressure is 
constant. 

Now the velocity of combustion and the density being con- 
stant, the velocity of emission is simply as the surface, and 
^ tlwB surface is proportional to the square of the radius, anH 

as the radius decreases uniformly, the emission of gas is 
inversely as the square of the time. 

If B be the original radius, the original volume is — ^— , and 

at the end of the time t, it is reduced to -5— (R — V ty and 

o 

the weight of powder burnt will be 



tr, = :^8|B^-(R-V0'j 



■y^^ 
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If T be the total time of combustion of the grain 

rV = R or V = ?, 

T 

then 

where Wq is the original weight of the grain. 
The " velocity of emission " at t is 






When the grains are not exactly spherical, nor of 
exactly the same dimensions, the same formula may be used, 
taking the radius of the mean spherical grain to calculate 
T. If for instance N be the number of grains in 1 kilogramme 
of powder, K„ the radius of the mean spherical grain 

or 



^-Ki^N)*- 



154. When powder is burnt in a gun, the same law of 
emission would hold if the velocity of combustion were 
uniform, but this is never the case in reality, since the 
velocity of combustion depends on the pressure. Now as 
the evolving gases are confined by the projectile, and as the 
emission of gas is very rapid at first on account of the large 
surface, it follows that the pressure rises rapidly at first, and 
this again by increasing the velocity of combustion, further 
increases the emission of gas, and the result is that before 
the projectile has moved far, a very high pressure is 
established, but as the projectile rapidly acquires velocity 
and increases the space behind it, the pressure begins to fall, 
and it falls rapidly, not only on account of the increasing 
space but on account of the loss of temperature in the gases 
due to the conversion of heat into energy, and also to the 
decrease of the velocity of emission due, both to the rapidly 



INTERNAL BALLISTICS. 



75 



decreasing surfaces and to the rapidly decreasing velocity of 
combustion caused by the decrease of pressure. 
. Consequently in a case like this, and especially when the 
grains are small and the total time of combustion also small, 
very high initial pressures are formed. 

155. On the other hand^ if it were possible to take a 
powder such that the initial velocity of emission were small 
and the subsequent rate of decrease also small or uniform, 
we would have a curve of pressure ridng much less rapidly 
at first and falling less rapidly after the maximum. 

In the first case the pressure curve may be represented 
by M B and in a second by O N C. Now if with the same 
weight of powder the curve O N C X could be made equal to 
M B X, there would be the same ballistic efiect, whilst the 
strains on the gun would be less in the proportion of N w to 




M m, but this can never be the case. For if the weight of 
powder and its composition be the same, and if we suppose 
the gun indefinitely piolonged, the two curves 0MB and 
O N C both become asymptotic and as the heat developed 
is the same, the area of these curves must be the same. 

But the ascending branch of the curve N C is lower 
than that of 0MB at first, it then crosses it and remains 
higher throughout the rest of its course ;:* consequently the 
area of N C beyond the ordinate X B C is greater than the 
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area of M B beyond the same ordinate, and therefore the 
part O N C must be less than MB. 

From this it is evident that the so-called progressive 
powders, even if their manufacture were possible, must give 
a lower ballistic effect than ordinary powders, although of 
course they strain the gun less ; but the same result may be 
accomplished much more easily by attending to the form 
and dimensions of grain. 

156. When the size of grain is increased the initial surface 
of the charge and the rate of decrease of the velocity of 
emission in free air are both decreased. 

For let there be two charges of the same weight of cubical 

grain powder, and let the length of the side be a and the 

number of grains N in one charge, and the length of the side 

N 
2 a in the other, then the number of grains will be ^ . 

o 

Thus the surface of the first charge = N X 6 a^, and of 
the second ^ x 6 x (2 a)^ = ^ , 

or just one-half of the surface of the first. 

Also if V be the velocity of combustion in free air, then 
at the end of the time t, the dimensions of the grains of the 
first charge will be a — 2 V <, and of the second 2 a — 2 V ^, and 

the total time of burning will be, for the first, t = ^ and for 

the second, <i = = = 2x. 

Consequently the velocity of emission of the second 
charge is less at first, and decreases more slowly than in the 
case of the first charge with smaller grains. 

157. The same result of decreasing the velocity of 
emissibn, might be attained by increasing the density, and 
as a matter of fact, the usual method of obtaining what are 
called slow powders is, both to increase the density and the 
size of grains. It must, however, be remembered that in 
decreasing the velocity of combustion and thus obtaining 
slow powders, we increase the time of burning of the charge, 
and may do so to such an extent that a considerable portion 
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of it may be blown out nnburnt. This of course necessitates 
an increase in the length of the gun, with all its attendant 
practical inconveniences. 

158. An approach to uniformity of emission so far as 
that depends* on surface, is made in so-called disc powders, 
that is to pay in powders pressed into thin discs of uniform 
thickness, and of the same diameter as the gun chamber, 
so assembled together as to permit simultaneous ignition 
between adjacent discs. In this case the surface being 
nearly constant, the velocities of emission in free air would 
be nearly uniform and the time of total combustion dependent 
on the thickness of the discs. 

Mr. Quick has patented this description of powder and 
is apparently getting very excellent results in a 4-inch gun. 
The difficulty that has been met with by others is that of 
the breaking up of the discs during combustion, thus giving 
rise to irregularity of inflamed surface and consequent irre- 
gularity of emission of gas. It is probable that this practical 
difficulty will be overcome, and that disc powder will be 
found very advantageous in guns of large as well as of small 
calibre. 

159. In France an approach to the advantages of disc 
powder has for some years been obtained by the use of 
prismatic grains in which the thickness is small relative to 
the length and breadth. 

For instance, let the grain be of the form shown in the 




diagram, of the lineal dimensions a, /8, and 7, of which a is 
the smallest. In this case the time of total combustion 



a 



T = — 
2V' 



i 
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If S = 6 N a^ be the surface of the charge composed of 
cubical grains whose sides = a this charge will be consumed 

in the same time t = ^-^^ . 

For the flat grains the original surface of the same 
weight of charge is 

S^ = N X-V^ {2a)8+2)8y + 2ya}=2Na2(- + l + ^), 
apy \y /J/ 

and making 3 = ^ ^^^ - = ^ we get 

The surface at the end of the time T will be 



a3 



®^' = ^-^y ^ 2 ^^^ -2 VT)(y - 2 Vr)}; 



a 



or, since r = — , 



■2 S 



S,^ = 2 N |-- 08 - a) (y - a) = I (1 - a:) (1 - y), 

and since x and y are each less than unity we have S^ less than 
^ S and Si^ greater than S ; therefore with the flat grains the 
velocity of emission is less at the beginning, and greater at 
the end of the combustion, that is to say it decreases less 
rapidly. 

It is therefore evidently advantageous to make the ratios 
X and y as small as possible consistent with the grains not 
being broken up under the pressure of the gases in a gun. 

In France, with powders of high density (about 1 • 78 to 
1*8) the values of x and y vary from § to |, and if the value 
a; = y = |, be adopted, we find from the foregoing 
formula 

S^ = ; S, and S,^ = ij 8, or 81^ = ^ ; 
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80 that the advantage of the flat grain is very consider- 
able. 

160. The weight of powder burnt at the end of the time 
t is obtained as follows. Let, as before, V be the velocity of 
combustion under pressure j?, and let a ^ and 7 be the length 
of the sides of the grains. 

At the end oi dt these become 

a-2Vd^ p^2Ydt, y-2Vd«, 
and at the end of the time t 

a- 2 i*Y dt, ^-2 CWdt, y-^ 2 i^Y dt, 

and the volume of the grain will be 

« = (a - 2 I ^Ydt\ (p-2 pVdA ('y - 2 l\dt\ 

and the volume of powder burnt will be 

a j3 y — ». 

Calling -^ (t) the ratio of the powder burnt at the end of 
the time t, to the total weight of the charge, 

and replacing v by its value found above 

w ♦(,) = i-(i-?/;vd,)(i-|jv.,) 



(' - IM 



161. In free air V is constant, and if it is denoted by V^ 

(6),(o=i-(i-|Y.*)(i-|y.)(i-?v.). 

If T be the total duration of combustion of the grain 

a-2V,T = 0, 
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whence 



V = — 



a 

2 

using which in (J) 

and making 

a a 

^(0 = i-(i--^)(i-.y(.-yj). 

which may be put into the form 

il/{t) = {l + x+y)-(l - , , , ^ ' - + . , ^ . • -2V 
^^^ ^ ' ''^T\ l+a-f-y r'l + ic + y tV 

or if we write 

a? + y + i»y ajy 



(c) ^(t) = a;-[l-\- + f.-^y 

The weight of powder burnt will be «*?. -^ {t) and.the velocity 
of emission or 

d . w\l/{t) 
'^= dt ' 

is 

a/, 2A , 3u -\ 
ri = w. -(1 .« + -r<2\ 

With cubical grains a? = y = 1, and 

a = 3, A = 1, /x = -J-. 

With flat grai'^s, if 

x = y z=%, 

and 

/7 32< , 4<% 



INTERNAL BALLISTICS, 81 

162. The formula (a) (§ 160) may be applied to the com- 
bustion in the chamber of a gun, only in this case V is no 
longer constant, but is a function of the pressure. 

M. Sarrau arrived at the conclusion, that the relation 
might be expressed by the formula 

V = Kjpa', 

and that the value of a! was J, therefore if Vo be the velocity 
at atmospheric pressure = p^ 

If therefore p be taken as the pressure in the chamber, the 
above formula becomes 

which, proceeding as before, may be put under the form 

In like manner for any other form of grain, the combustion 
under pressure may be deduced from the combustion in the 
open air by substituting for t the definite integral 



JoVPo/ 



163. In the case of prismatic powder with a central hole 
the calculation is as follows : — 

Let p be the radius of the central hole ; 

B, the mean radius of the inscribed and circumscribed 
circle, which for simplicity is used instead of the 
real periphery. 
h = the height of the prisms. 

Q 



82 ■ 
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x 


> 






( 


3--! 




1 J 


1 

1 






1 1 


r- ^ -H 



h-R-w 



Then the original volume = tt fe (R^ - p*), and at the end 
of the time t it will be 

and the volume of powder burnt will be 



7r(B2-p2)^_^^ 



and the function 






Usually R - p < A, 



and 



^ R -P 

2VoT = E^p, or ^o=-2^- 



where t is the total time of burning, and substituting this 
for V, 

„ = .(R«-p«)(l-t)(*-?f^.O 



and 



^(0=l-(l-;)(l- 



R - P t 



D^ 



or making 



X = 



B-r 



^(0 = (i + «)|-«^72- 
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164. The weight of powder burnt at the time t will be 
w , y^(t) and the velocity of emission ^^ 

^ d t ^^ "^ 

will be expressed by ^^,,^-^ , 

165. It must be borne in mind that the above is on tbe 
assumption that the whole surface of the grain is simulta- 
neously ignited, a condition which does not obtain where 
prismatic grains are closely packed in a cartridge. 

166. Eeverting now to the equation (7) (§ 148), 

/ . s ^^^ . {dx\^ fq /«^ 

q is the weight of the powder burnt at the time i , and if 
iv be the total weight of the charge 

^ = xp{t), or, q = i(?i/.(<). 

As is shown above (§ 162) the expression for j^ {i) for powder 
burnt under pressure in a gun, may be deduced from that 
obtained from combustion in free air by substituting for t the 

a 



definite integral / (P,\ d 

^0 \pj 



167. In the case of a charge of parallelopipedal grains 
burning in free air, it has been shown that 

and that with other forms of grain ^ {() may be developed 
in terms of increasing powers of i, only the values of the co- 
efficients a, \, and /t will not be the same. 

168. In the integral ( f— V> JPo '^ ^^ atmospheric 

pressure, and p is the mean pressure at the time ^ = Pi 

a 2 
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Now m being the mass of the projectile, © the area of the bore, 



_ m d^x 

P = — . — : 

' CO dt'' 



therefore 



dfi) 



and making use of this instead of ^ in i/^ ^ we get 

-"*«=";(.^Tj':(^r'' 
-;(4)T:(SP--:c^r(/;©r-)T<«' 

ft 

Therefore combining (7) and (8) we get 

-;(.T.)7:(^T--&CT.r[/:(Sr-]i<») 

which is the equation of motion of the projectile. 

169. The problem therefore is, to find a function x oi t 
such as to satisfy equation (9), and such that it, as well as 
its first differential coeflBcient, become zero when ^ = 0. 

M. Sarrau has eff^ected this by the use of certain auxiliary 
functions, purely numerical and independent of the variable 
ballistic elements (" elements variables du tir "). Moreover the 
general expressions for the velocity and pressure may be put 
into the form of rapidly converging series, defined by these 
auxiliary functions, so that by neglecting the terms following 
the two first, a binomial formula is obtained for the velocity, 
which for any value of a, the travel of the projectile, gives 
very approximately the velocity, and by making x equal the 
total length of the travel, the muzzle velocity is obtained. 

As regards the maximum pressure, the series is such that 
it is sufficiently accurate to retain the first term only. 

170. Those who wish to make themselves acquainted with 
the details of M. Sarrau's analysis, will find it fully gone 
into in * Memorial do T Artillerie de la Marine,' vol. iv. and 
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subsequent volumes, and therefore I will not enter into details 
here, but proceed to the results obtained by M. Sarrau. 

Binomial Formula for Velocity. 

171. M. Sarrau adopts i for the value of a', the index of 

the term ^, on which the velocity of burning depends, and 
Po 

the resulting formula for the velocity of the projectile is 

where I is the travel of the projectile, and z the reduced 
length of the initial void as defined above (§ 118). 

172. M. Sarrau shows that where — is large 

^1) . A.(i)'. „a *,a) = A,(i)', 

where A, and Ai are numerical coefficients. 
Let (8) (§ 171) be written 

\TmJ \0}pj "\»/| T\Cl>»o/ ,/*\ ^ 



*•(;): 



Now under ordinary conditions, the ratio — is large whilst 

the second term of the quantity within the brackets is in 
general a small fraction of unity. Consequently there may 

be substituted for the ratio -2-^, the value to which it tends 

for increasing values of -, or — (- ) . 

z AqVsj/ 

I 

Besides, — usually varying between relatively narrow limits, 

z 
it is possible to replace the unknown function <f>Q by a 

function Q ^-j , provided the coefl5cient Q and the 
index 7 be suitably chosen. 
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Making these substitutions (9) becomes 

V = Q (/^)*(«)VjL)V-f Jl - ^^J^)' \. (10) 

Replacing z by its value (§ 118) 

w 



w w* 



1000 



O) 



and observing that m = —,(o = ^ where c is the calibre of 

9 4 

the gun, and W the weight of the projectile, we get 

-=-{^")'(w)'(?ra-r''{'-B^®'s-<") 

A and B being numerical coeflScients, viz. 

Now -^ differs very little from i, for which value 
— (1 — - j attains its maximum = J; therefore we may 

introducing which into (11) we get 

It has been shown by the experiments of Col. Desbordes 
(' Memorial de TArtillerie de la Marine/ vol. vii. p. 441), that 
the velocity varies as the fth power of the weight of the 
charge when the gravimetric density ('^densite de charge- 
ment ") is constant, and as the Jth power of the gravimetric 
density when the weight of charge is constant. 

Consequently we must make 7 = 



3 



• The division 1000 is introduced to bring the unity of volume of z into 
cubic decimetres. 
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Introducing this value, and including in the constant A 
the factor S* which is very nearly constant, the formula 
finally takes the form of 

v-(4=)*<"'>'(,^)'l'--/^^l- 

173. The terms l*^ J and - depend solely on the pow- 
der employed, and they are termed by M. Sarrau the 
** Characteristics " of the powder, and are denoted by a and 
)8 respectively, so that 

V = A,(„0'(^)'{l-B/'^'( (>« 
which is M. Sarrau's binomial formula for the velocity. 



Formula for Maximum Pressure on Base of Projectile. 

174. In the integration of the general formula (9) § 168, 

M. Sarrau changes the variables by making - = y, and 

z 

writing K fur t^^^ ( H^^)^ , y3 for -^^^^ ? for K^ t, and 



a 2a' -1 



€ for - (- --) K3"=^2i;', he obtains the following formula 
for the maximum pressure — 



'"^Hi^^-u^^)' '»> 



and since € is always very small it is sufficient to take the 
first term of the series. Therefore 

d'^yo" 



0) \d$*/m 
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the subscript m denoting the maximum value of the function 

The function y^ is a purely numerical function of f , and of 

-=-|^, so that the maximum value of this function is a number 
a f 

>vhieh may be denoted by N. 

Replacing K and /8 by their vahies, and writing a = i 



iw /my 

(UT \Z<jDPq/ 

and since 






g' 4' lOOOoi 

or 



ii-i) 



Writing 

^ 8 N X 104 

and' since S* is very nearly constant, including it in K we 
get finally 

P = K "^ A ^^ — :f- , and smce ( - — I = a , 
T c^ \ T / 

P = K a» A (^>- (15) 

which is M. Sarrau's formula for the maximum pressure on 
the base of the projectile. 



Mammum Pressure on Breech of Gun. 

175. The above formula deduced from the acceleration of 
the projectile, gives the maximum pressure on its base. 

From it may be deduced the maximum pressure on the 
breech as follows ; — 

Let M, m, and /jl be the masses of the gun with its carriage, 
the projectile, and the charge respectively, and Vi, v the 
velocities of the two former, 
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As regards the velocity of the charge, it is evidently less 
than that of the projectile, and it may be denoted by 6^v 
where ^^ is a coeflScient less than unity. 

Consequently m t; — M Vi + 5^ w t; = 0, and differentiating 
with respect to the time, 



whence 



dv^ m -\-0^ IJL dv 
Ti "^ M Tt * 



M dv^ ^^^f-iA^if^^ 
(o d t ia dt \ fn / 



and denoting by P^ and P the pressures per unit of surface 
on the breech and base of projectile respectively, 

if 0^ be taken = J. 

176. The value of ^^ = ^ is based upon two hypotheses of 
General Piobert : — 

(a) That the density and temperature of the products are 
uniform throughout the space between the breech and the 
projectile. 

(&) That if the whole mass be divided into infinitely thin 
slices at right angles to the axis, the velocity of each slice is 
proportionate to its distance from the breech. 

Neither of these hypotheses is exact. Moreover, in 

making P = — . ti its value is certainly somewhat too 

small as there are certain small passive resistances which 
have been neglected, such as friction, &c. There is pro- 
bably also a certain amount of vis viva lost, during the 
process of combustion, by the gases striking against the 
walls of the chamber. Having regard to these and other 
considerations, M. Sarrau concludes that the true value of 

d^ is I, and the above formula becomes Po = Pvl + ^rFJ> 
which appears to agree very well with the results of 



'lU 
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experience. Consequently, to obtain the maximum pressure 
on the breech, the pressure on the base of the projectile must 

be multiplied by the factor 1 + 5-^^ and we get 



= K(. + |^y.«^ m 



for the breech pressure. 

177. For practical use, a monomial formula is more 
convenient, and this may be obtained by observing that any 
increasing function may, within certain limits, be considered 
proportional to some positive power of its variable, there- 
fore making 

we get 

or making Ex I^ = ^o ^^d 7 = ^, which has been found 
sufficiently to agree with practical results, we get finally 

i 



- ^» \W " —^~~ (17) 



which is M. Sarrau's formula for the maximum pressure on 
the breech. 



Position of Projectile corresponding to Maximum Pressure, 
178. In (§ 174) the symbol € was introduced 



1 / mz \^' 



2a'-l 



' T \ CD Po / 

Now it is shown by M. Sarrau (^ Memorial de TArtillerie de la 
Marine,' vol. iv. p. 189) that e is generally very small, and 
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OR 

that the function y = - may be developed in ascending 

powers of e in the form y = 3/0 + ^y© + €^^2* &c., &c., where 
yo> y\i y^y &c., are unknown functions of f ( = K^ ^) and that 
these functions are defined by the relations 

(&C. <&c. &c. 



and 






&c. <&c. <&c. 

179. Making use of these relations M. Sarrau has calcu- 

lated the value N of the maximum of the function -=-^® 

(§ 174) and deduced therefrom the value Xm of the space 
passed through at the time of maximum pressure, in the 
following manner. 

180. Let, as before (§ 174), N be the maximum value of 



/^yo\ 



0' 



Let n = — the ratio of the specific heats at constant 
c 

pressure and constant volume, which M. Sarrau takes at 
1-40* 

Then 

_ n- 1 _ ^ 



* By Noble and Abel this is = 1*322. 
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and if a = ^ 



x.= re 

J \ 




and equation (1^ becomes 

181. Although this equation is not directly integrable, 
it is possible, as in manner following, to calculate the values 
of the function y^ and its successive diflferential coefficients 
for progressively increasing values of the variables. 

For this purpose assume 

and integrating 

d^ m + l^ ^n + 1^ ^i> + l^ ^ 
and integrating again 

yo = (w + 1) (m +T) ^"^ + (n + l)(n+T) ^^' + *''• 

Introducing these values into (20), the coefficients and 

exponents are determined, and series are obtained which are 

very convergent, when f <: 1 or K^ ^ < 1, that is to say, for 
1 



K^ 2a ^ j^ ^^ taking a = J this comes to K^ ^ < 1 or 

log-U-98098<or95-71<<l, 

that is to say, for values of t less than ^^ „^ of a second. 

95 71 

For values of f > 1 recourse must bg had to developments 
by Taylor's theorem. 

182. Having calculated by means of the preceding series 

dyo d^ 
^0 ' dC dt,^' 

for a value fi of f less than unity, we must calculate 
successively by means of these three values, the differential 
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coefiScients of y,, of higher orders for ? = 5'i, making use of 
the series of equations obtained by successive differentiation 
of the equation (20). 
Making then 



and integrating twice between the limits \^ and ^i, 



+ &C, (21) 



and 






a - try 



f. 2 



4-&0.; 



we may calculate y^,, -^ , -^ for a value Si <^f ? greater 

than fi. 

We may thus obtain by means of equations deduced by 
differentiation of equation (20), the differential coefficients of 
y^ of the higher degrees for f = ?29 aiid by means of a formula 
analogous to (21) pass to a value ^3 greater than ^2t ^i^d so on. 

183. In this way the following table was obtained. 



1-00 
2-00 
2-25 
2-60 
2-76 
8-00 
5- 00 



Vo 



0*021 
0-303 
0-464 
0-668 
0-917 
1-208 
4-809 






tVo 



0-082 
0-557 
0-729 
0-906 
082 
250 



1 
1 



2-254 



0*242 
0-666 
0-704 
0-709 
0-690 
0-657 
0.372 



From this it appears that the maximum value of 



dC 



= 0-709 



when the corresponding value of y^ is 0*668, but y = - ^ 

whence x = zy=:zyo + Z€yi + &c., and approximately 

(neglecting the latter terms of the development as e is very 

small) 

X = zy^ z= • 668 Zy 
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but 



w 
z = 



1000 0) 
therefore 



«„ = 0-668 



"• lOOOo) 



000668 w 



0) 



(i-l). 



(r - J) 



184. Since « is expressed in square metres, the distance 
x^ is given in metres ; 
or since 



7rc2 



O) = 



00084 w n 






(i-^)= 



and if c be in decimetres and x^ in metres 

•0845«7/l 






VA SJ^ 



or if c and aJm be both in decimetres, 

•845w/l 



»«= — 2- 



(i-s)- (^^) 



Monomial Formula for Vdoeity. 

185. In investigating this formula, M. Sarrau proceeds on 
the assumption, that the velocity in a gun with a given kind 
of powder, is a function of the five following variables : — 
w = weight of charge ; 

A = gravimetric density (density de chargement) ; 
I = length of travel of projectile ; 
c = calibre ; 
W = weight of projectile ; 
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and that this function is proportional, within certain limits, to 
some power of each variable. 

186. The velocity may therefore be represented by 

V = H • - 






»> 



the exponents of which must be determined experimentally, 
and H being a constant depending on the kind of powder 
used. 

187. The Commission of Gavre long ago determined the 
values of a, ^, and 17, with an approximation quite sufficient 
for practice to be 

From certain experiments made with the powder Wf| in 
a 24 cm. (9*45 inch) gun, the value of 7 was found to be \, 
but it increases as the powder becomes slower, relatively to the 
gun, as for instance when the same Wyt powder was used in 
a 10 cm. (4 inch) gun the value of 7 rose to J. 

The value of € is still unknown. It follows therefore that 
the empirical formulae hitherto in use, whilst they may give 
with sufficient approximation the different velocities in one 
and the same gun, give no indication of the results of 
firing the same powder in guns of different calibres. 

188. M. Sarrau, in his various papers (in the * Memorial 
de TArtillerie de la Marine,' vols, ii., iv., v., and vi.) has 
established three relations between these exponents, so that 
it is sufficient to know two in order to determine the others. 
The formula thu9 arrived at is less exact than the binomial 
formula already given, but the approximation is nevertheless 
satisfactory. It has, moreover, the advantage of including 
only one constant. Consequently, within the limits of its 
application, it suffices to know the velocity in any one gun, 
in order to determine the velocities in other guns with the 
same powder. 

189. The formula is established as follows : — 

The theory of the effect of powder in a gun shows, that a 
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monomial expression representing approximately the initial 
velocity is necessarily of the form 

where 

_ w / 1 1\ 

W TT C^ 

and since m = — , o) = —r- , introducing these values and 
that of z 

M being a constant independent of all tbe ballistic 
elements, and the exponents having the following Talnes : — 



* = 2y+2y-i, v=i+l 



(25) 



190. The formula (24) is reduced to a more simple form 
by the consideration that the value of a function remains 
sensibly constant in the vicinity of its maximum. 

Now, in ordinary conditions of practice, the ratio — 

differs very little from |, which value gives to the' function 

f (1 - |) is maximum value of i. Consequently, we get 

approximately 



8 
and 

A 8 ~ * A 



f('-t)-i 



A ^ ~ 1 Aa ' 



INTERNAL BALLISTICS. 97 

and haying regard to this approximate relation^ we may 

substitute for ( t- — ^j ^ *^® product of A^8 2 by a 

numerical factor which may be included in the constant M, 
And making 



«=««-' (^°)'©' 



we get the formula of (§ 186) or 

y = H^!iri\ (26) 

W 

H being a constant depending on the powder, and the 
exponents having the values given in (25). 

These exponents are six in number and are functions of 
7 and 7'. 

191. If, in accordance with the experiments of Gavre, we 
make a = f , we get from (25) 

27 + y = }. 

Consequently /9 = 274-7' — i = i, which agrees with 
the empirical determination by the Commission de Gavre. 
Moreover, the relation 2 7 + 7' — i, gives 

y = |-2y, €=i-2y, andi; = |-y; 

consequently the formula (26) becomes 



V = H 



^1-7 



and it only remains to find 7 to determine the formula 
completely. 

192. It has already been stated that the value of 7 increases 
as the powder becomes slower. The values | and ^ were 

H 
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found, the first from a very quick powder, the second from a 
very slow powder (i. e. relatively to the guns). 

The mean value 7 = -^' may therefore be considered as 
approximately true for usual conditions of fire, and admitting 
this value, the formula becomes 

and tbe value of the constant H, ia 

193. Under ordinary conditions S varies very little, so 
that 8 " * may be considered as constant, and, reduced to its 
mean value, may be included in H, so that 



H = H (4i (0'. . (.« 



194. If y were taken = \ another formula, corresponding to 
a very slow powder, would be obtained, in which c does not 
appear, viz. — 

V = H.*^^. (30) 



i 



In this case 7 = i and 

« = "*-*fT)'(9' W 

and finally including 8 " ^ in M 

H = H(^")'(0'. „ 

195. In general, formula (27) is applicable, and it has been 
verified by M. Sarrau, by the actual results of firing with 
different powders, and in different guns, and under differing 
conditions of firing. To effect this verification it is necessery 
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to know the value of H for each powder, and this is obtained 
by measuring the velocity obtained from any one gun under 
determined conditions of firing. 

196. In the verifications made by M. Sarrau, he adopted 
for the condition of fire, that of the " regulation proof for 
reception of powder " ; taking as the corresponding normal 
velocity, the mean of the two limits of velocity, within which 
the velocity of the lot of powder should be comprised in order 
that the powder should pass the proof. 

He gives a table of the results of firing 81 rounds with 
different powders, and very different conditions of firing, such 
as gravimetric density, proportionate weight of charge and 
projectile, &c., &c., and with guns varying from 75 mm. 
(3 inches) to 320 mm. (12| inches), and the mean difference 
between the calculated and the measured velocities was only 
3 metres per second, in velocities varying from 300 metres to 
600 metres per second. 

It must, however, be borne in mind that the allowed margin 
(** tolerance ") on the proof for reception is 8 to 9 metres per 
second. 

The verification, therefore, made by M. Sarrau is eminently 
satisfactory. 



Theoretical Maximum of Velocity. 



197. The relation between the velocity and the other 
ballistic elements has already been shown to be (§ 172) 



The form of this expression is such, that by varying ti the 
function passes through a maximum. 

Strictly however, this could only be the case if r were ss 0, 

H 2 



c 

/ 

/ 



/ 
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that is to say if the combustion of the charge were instanta- 
neous. 

If, therefore, the above expression gives a maximum for a 
finite value of t, it is because the formula is only approxi- 
mate. It was obtained by neglecting all the terms of a con- 
verging series after the first two. The value of t corre- 
sponding to those first two terms has, however, an important 
signification. It is a limit below which the variation of t has 
only an insensible influence on the velocity, and which it is 
4hero disadvantageous to exceed, because, whilst the velocity 
increases very slightly, the maximum pressure increases 
rapidly in the inverse ratio of the time of combustion. 

Consequently, the consideration of this particular value 
of T, called by M. Sarrau '* the duration of the maximum " 
(" dur^e du maximum ") is of great importance in the present 
question. 

198. Equating to zero the differential coefficient of V with 
respect to t, obtained from equation (13), and denoting by r^ 
the value of t corresponding to the maximum of V, we get 

.. = 3bMM*. (33) 

Here it may be observed that for a determinate form of 
grain, \ is constant and the value of r-i depends only on the 
calibre, the weight, and the travel of the projectile, and is 
independent of the weight of charge and gravimetric density. 

199. When it is said, as it so often is, that a powder 
is **slow" or ^* quick," this expression does not really 
denote any quality in the powder itself. It depends chiefly 
on the conditions under which it is used. In fact, in a 
given gun, the powder is " slow," when the duration of the 
combustion of the grain is notably superior to that duration 
which, in that particular gun, corresponds to the theoretic 
maximum of velocity, and vice versd. Moreover, two 
powders, fired in different guns, should be considered of the 
same vivacity, when their durations of combustion are 
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proportional to the " durations of the maximum/' relatively 
to the two guns used. 

200. Let, then, the ratio of the " duration of the maxi- 
mum " relating to a given gun, to the duration of combustion 
of a powder in that gun be called the " Modulus of Vivacity,*' 
or simply the " Modulus," and be denoted by a? ; . then 

T 

From this point of view, M. Sarrau adopts the following 
scale of clasftific^tion of powders : — 



Value of 


Classification of the 


modulus X, 


powder. 


10 


Very qniok 


0-9 


Quick 


0-8 


Mean 


0-7 


Slow 


0-6 


Very Blow 



« 1 

201. Accordingly, from (33), since a? = — 



X 



T c 



or 



a; = 8Bj3 



(Wl)' 



(84) 



(35) 



since B = -* 

T 



Formula for Initial Vehoity as a Function of the MoAidua. 

201. Introducing x in the place of t in formula (13) for 
the velocity, a new expression is obtained which will be 

found of great use. Since ti = 3 B^^^^^ (§ 198) (13) may 
be written thus : — 
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which making oj = I^ gives 

v = ja'©*(.0»(^„/.»(s-.) 

and if ti be replaced by its value and we take 

/(aj) = iaj*(3-:c) (36) 

the formula for the velocity becomes 



\X/ ^J 



(37) 



Maximvm Pressure on Base of Projectile as a Function of the 

" Modulusr 

202. The maximum pressure on the base of the projectile 
as a function of the modulus is thus obtained : — 

Expression (15) above may be written 

and making - = «, and [replacing ti in the denominator by 

T 

its value 3 B —^^ ^ we get 



^ "^ ^ ^1 fa AiD^ 
P = K(3B)-^:^^ a>. (38) 

203. The maximum pressure on the breech is deduced 
from this by writing P© for P and replacing K by Ko (^) ; 
therefore 
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204. From the above may be obtained a new demonstra- 
tion of the monomial formula, which serves within certain 
limits, to give the initial velocity. 

As has already been remarked, within a certain limited 
value of the variables, a function/ (oj) is nearly proportional 
to a properly chosen power of the variables. 

205. In fact, in order that within certain limits of a;, the 
function / (x) shall be sensibly equal to an expression of the 
form N flj**, it suflSces to determine N and w, so that for the 
value X, the two functions and their first differential co- 
efficients should be equal, or 



and 



from which 



f(x) = nN«»-^ 

n ss OR • • 



If, for instance, the function /(a;) be that which determines 
the relations (36) or / («) = i 05* (3 - x) we find 

Thus the expression (37) for the velocity may be put 
under the form 

V=fA(3B) is (L.) —-^ . .'^ 

m 

the exponent n having the value given in (40). 

Eeplacing x by its value 8 B - ^i i- 

and writing for brevity 

M = JA(3B)«»-*N, 



1 
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we get finally 



206. Thia formula yaries with n, that is to say, with the 

1 — a 
modulus X to which n is related by (40) or » = f . ^ 

It may be used, approximately, by attaching to n a con- 
stant yalue, in conditions of loading such that the modulus 
remains within certain limits. 

207. Among the different forms which the monomial 
formula for the Telocity may take, those deserre special 
attention which correspond to the yalue of the modulus 

A and Tfiy. 

In the former case n = ^ and in the latter n = f , and the 
formula becomes when a? = ^, w = J, 



^) (x) -^^ ■' <^^> 



and when « = i^, n = i, 



I* /t\* w* a* /* 



-"a©=^-. <-) 



which expressions agree with those previously obtained 
(§ 192). 

208. The former of these expressions is applicable to 
what are called quick, and the latter to slow powders in the 
scale (§ 200). 

209. Since the yelocity increases continually as r de- 
creases, the value ti, which gives a maximum, ought to be 
considered as the superior limit for the use of the Binomial 
formula. 

Consequently, this formula should not be used for powders 
quicker than the powder of the maximum. This takes 
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(WO 
place when the second term of the function 1 — B i8 ^^ — ^ is 
^ e 

greater than the value 7 which corresponds to the maxi- 
mum. 

It is practically advantageous to limit the use of the 
formula to cases where the modulus is below a less limit 
than unity. For higher values, t becoming nearly equal to 
Ti, the theoretical expression becomes too rapidly stationary, 
and ceases to represent exactly the real variation of the 
velocity. 

If -^ be adopted as the superior limit of the modulus, 
the binomial formula should cease to be used when the 

value of the second term B /8 ^ is found to be greater 

than J of T^, or greater than ' 273. 

210. When the modulus is greater than ^ the monomial 
formula is applicable. 

In fact this formula agrees sensibly with the other, for 
values of the modulus approaching ^y, and increases gradually 
with the modulus, instead of passing through a maximum. 
It may, therefore, represent exactly the velocity, in all cases 
where the powders used act as quick powders, and this has 
been verified experimentally by M. Sarrau, by comparing the 
calculated velocities with those actually obtained under very 
varying conditions of loading. 

211. Making use of the characteristics a and fi the 
formula (42) may be written 

V = Maj3'*- '^ , , (43) 

W^' 

and to obtain the value of M, it is sufiBcient to observe the 
velocity given by a powder of which the characteristics are 
known, under given conditions of fire. 
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Table of the Fimction f (x). 

212. The function f(x) which serves to express the rela- 
tion of the velocity as a function of the modulus, is repre- 
sented by / (aj) = i oji (3 — x) when x is less than A, 

and by N x^ when x is greater than ^. 

The constant N is determined by equating these two 
expressions, making w = -rr. 

The following table gives the value of /(a?) for increasing 
values of x from '5 to 1 '2. 

213. 





Modulus 0. 


/(«). 


Log/(a»>. 






0-5 


0-8839 


- 1-94639 






0-6 


0-9295 


-1-96825 






0-7 


0-9622 


-1-98325 






0-8 


0-9839 


-1-99293 






0-9 


0-9986 


- 1-99939 






10 


1-0118 


0-00511 






11 


1-0240 


0-01028 






1-2 


1-0352 


0-01501 





214. From (37) it is seen that when the duration of com- 
bustion of a powder is altered, all other ballistic elements 
remaining unchanged, the velocity varies directly as / (oj), 
and from (38) and (39) under like circumstances, the 
pressure on the breech and on the projectile varies as the 
modulus itself. 

Consequently the preceding table affords the means of 
comparing the corresponding values of the pressure and 
velocity ; and it shows, that the increase of velocity is very 
small compared with the increase of pressure. 

For instance, comparing a powder of modulus • 6 with 
another of modulus 1 • 2, the pressure is doubled whilst the 
velocity is only increased by about Jth part. 
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InjluenGe of the Ballistie Elements on the Velocities 

and Pressures, 

215. If the calibre, I the travel of the projectile, and 
W the weight of the projectile be given, then, with the same 
value of / and the same form of grain, by varying the value 
of the variables w, A, and t, the weight of charge, gravimetric 
density, and time of combustion, an infinite number of 
systems may be found in which the velocity will be the same 
whilst the maximum pressure varies, or the maximum 
pressure the same whilst the velocity varies. 

216. As has been already shown, the maximum pressure 
is not the same on the base of the projectile as on the breech, 
and as the latter is always the greatest, and it is the greatest 
which chiefly concerns the design of a gun, attention will be 
directed in the following remarks only to the pressure on 
the breech. 



Total Variations of the Velocity amd Maximwm Pressure. 

217. Let it be required to find the variation of velocity 
and of maximum pressure corresponding to small increments 
of the variables w, A, and r. 

Taking the logarithms of (37) and (39) and differen- 
tiating, we get 



and 









Denoting by ti the duration of combustion, which in the gun 
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under consideration corroBponds to the maximum velocity, 
we have x = — where ti is independent of w and A ; there- 

T 

fore 

dx dr , X . 
— = — — or a« = dr. 

XT T 

Making use of which in (44) and (45), and making as before 



we get 



n = xj^{^ 205) (46) 



T = *? + i^-"T <*^) 



and 



dPo __ g dw dA dr 



aw aa ar ..^ 



Now by (§ 207) n = ^ when the modulus is > ^, and it 
is given by (40) when it is less than A- 

It increases when the modulus decreases below ^, it is equal 
to J when the modulus = A corresponding to a very slow 
powden 



VaricUion of Velocity corresponding to a Gonstant Value 

of Mommum Pressure. 



218. By means of the above equations (47) and (48) we 
may examine how the velocity varies, by the variation of the 
weight of charge, gravimetric density, and time of com- 
bustion, whilst at the same time the maximum pressure 
remains unchanged. 

219. (a) Let the weight of charge he constant, gravimetric 
density and time of combustion variable. 



r\ / ' 
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p 



Since (48) P© is^constant -^ = 0, also dw = Q', therefore 



— = "T' substituting which in (47) 



T 



A 



dY dA cZA ., .dA 

V =*-A "^X = (i"**) A- 



If the modulus > A ^ < i ^i^d i — w is positive, there- 
fore the velocity increases with the gravimetric density. 
From which the following proposition is derived. 

When ths weight of charge remains the samey and the 
gravimetric density and the time of combustion increase, so 
that the maximum pressure remains unaltered, the velocity is 
increased, and the more so as the modulus of the powder is 
greater, or the powder quicker. 

Prom which it follows, that by using a very quick powder, 
and at the same time decreasing its gravimetric density, the 
velocity may be increased without increasing the pressure. 

220. (J) Let gravimetric density A he constant, and the 
weight of charge, and time of combustion variable. 

Since d Pq and d A in (47) and (48) are each = 

^V 3/1 \ ^^ 

V = i (i - ») — • 

Now from (40) it js seen that w = J for a? = 0, and n<; i 
for any other value of x, consequently J — ?i is always 
positive, from which is deduced the following proposition : — 

When the gravimetric density is constant, and the weight of 
charge, and time of combustion increase so as to keep the maxi- 
mum pressure constant, the velocity is increased. 

221. (c) Let T be constant, w and A variable. 
Then d Po and d t = 0, and 

8 Y dw 

V=i^- <^^) 

Therefore, When, with the same powder, the weight of charge 
increases, and the gravimetric density decreases, so that the 
pressure remains unchanged, the velocity is increased. 
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222. {d) When the capoGity of the chamber is constant, and 
w and T variable. 

Let S = capacity of chamber, then 

w , dA dw 
A = — and — = — : 

8 Aw' 



therefore (47) and (48) become 

dY _ ^dto 



= JL— -n- ) 



d'Po _ J dw dr 



(50) 



Po ^ W T J 

If now w and t vary so that Pq remains constant, we get 



dr ^ jd"^ 
from which 



T * w 



V =i(A -»)— . (51) 



«; 



Now in ordinary conditions of practice w < t^ so that V 
increases with «?, therefore 

In a given gun when the charge and duration of combustion 
increase so that the pressure remains constant, the velocity is 
increased. 

Consequently, with a size of chamber sufficiently large, the 
velocity may be increased without 'altering the pressure by 
increasing the charge of a powder for which t is greater. 

223. (e) From (50) we may determine the variation of 
velocity corresponding to a small variation of the duration 
of combustion. 

Suppose w remains constant, then 

— =-n-. (62) 

n increases as the modulus decreases, therefore, the same 
relative variation of the duration of combustion has an 
influence on the velocity, the greater as the time of com- 
bustion is less. 



\ 
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Corresponding VariaUon of the Velocity and Maximum 

Pressure. 



224. (f) Let the duration of combustion receive a small 
variation dr, all the other elements remaining constant. 
Then from (50) 

dPo dr . . 

-—=-—, (53) 

and eliminating d r between (52) and (58) 

dY dPo x-.N 



The value of n is given by (40) when the modulus is less 
than 1^, and is equal to i when the modulus is greater 

9 
TT« 



than -^ 



Limiting Values of Modulus. 



225. It has already been stated that the modulus should 
be confined within the limits y®^ and -^. The reason for that 
limitation is this, that when the modulus exceeds ^ the re- 
lative increase of the velocity is only \ the relative increase 
of the pressure. This inconvenience is diminished when the 
modulus decreases below ^^ because the value of n increases^ 
but then the relative variation of the velocity corresponding 
to the same relative variation of the duration of combustion 
increases according to (52), so that the influence of accidental 
irregularities in the powder, upon the velocity, increases 
continually. It is therefore necessary to fix an inferior 
limit to the modulus, in order to insure sujBScient regularity 
in the velocity, and this limit is fixed by M. Sarrau at ■^. 

226. The superior limit of A niay no doubt be, and often 
is exceeded in actual practice. In fact, cases often occur in 
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which the modulus is greater than unity, but M. Sarrau 
considers such conditions unfavourable in general. It is, 
however, obvious that this is a question which depends 
chiefly on the strength of the gun, and therefore by in- 
creasing this, higher ballistic efifects will be obtained with 
quick than with slow powders. 

227. In the reception of powder in France a certain 
margin is allowed which is called " tolerance." 

In the manufacture of powder some irregularities are 
unavoidable, so that diflferent lots of the same powder give 
difierent velocities at proof. The limit of these velocities is 
fixed and is designated by the term " tolerance." 

By the foregoing formulae, the influence which this 
" tolerance " exercises on the velocity may be estimated. 

Suppose for example that the irregularity is due to a 
variation in the duration of combustion, and let t be the 
duration of combustion, which for a given form of grain, 
gives the normal velocity at proof, that is to say the mean 
of a great number of fires, and suppose that with a particular 
lot of powder, this duration receives a variation of d t, then 
the corresponding variation of velocity in any gun is given 
by formula (52). 

Let Uq be the value of n in the eprouvette and Vq the 
mean velocity of reception, then 

dVo dr 

—- = — Wq — , 

Vo T 

consequently. 

Suppose then that d Vo represents the maximum deviation 
allowed at reception, the relation (55) gives the diflference 
of velocity which results from it in another gun. If then eo 
denotes the difference of the limits of reception, and e the 
maximum difference of velocities in any gun, we have 

nV 

€0. (56) 



€ = 



»nV 
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It is to be remembered that n is expressed in function of 
the modulus according to (40), and that when the modulus 



9 
TT 



we must according to (42) take n = i. 



228. Suppose for example, that the French powder W^> 
is received for the gun of 24 mm. (9 • 5 inches) with the con- 
ditions following — 

Vo = 441 m. Co = 9 m. Xq = 1'194. Wq = i. 

If the same powder be used in a gun of 10 mm . ( = 4 inches) 
W = 12 kilog., I = 226 dm., to obtain a velocity of 485 m. 
We have 

V = 485 a; = 0-642 n = 0-265; 

therefore by (56) we find 

€ = 20"» -2 

wliich is the difference from the velocity 485 due to the 
irregularity which in the 24 mm. gun only gave a deviation 
of 9 m. from 441 metres. 



On the Constants contained in the Equations for Velocity and 

Pressure. 

229. The equation for velocity is 

V = Aa(«0'(^)*{l-B^(^|. 

If then the value of the characteristics a and ^ are known 
for any particular powder, the constants A and B are easily 
obtained by firing two rounds, with the same powder, but 
with a variation in the ballistic elements, for in this way two 
equations would be obtained containing the two unknown 
quantities. 

230. Now it is evident from the form of the above equa- 
tion that we may assume arbitrarily values of a and /8 from 
any one powder which may be called the " Type powder," 
and for any other powder may find the relative values of 

I 
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a and ^. This is what M. Sarrau has done, and he has 
chosen for the Type powder the powder known in France as 
WtI, that is to say a Wetteren powder of which the thick- 
ness is 10 mm. and the sides of the bases 13 and 16 mm. 
respectively. The density S = 1 • 794, and the number of 
grains to the kilogramme or N = 330 to 385, and for this 
powder he assumes the values /= 1, t = 1. The composi- 
tion of this powder is 

Saltpetre 75*0 

Sulphur 12*5 

Charcoal 12 '6 

231. As will be seen hereafter, the values of a and \ for 
this powder are a = 2*572 and \ = 0*851, values depend- 
ing entirely on ihefMfn, <^ grain. j% u i^- 

And by Table (§ 319) 

log a = 0-20518 
log )S = - 1 • 92993 

232. Making use of these values and of the mean observed 
velocities obtained with this powder under the service con- 
ditions of firing in a 10 cm. (4 inch) and 19 cm. (7*6 inch) 
gun, in the equation for the velocity (13) the values of A 
and B were found to be 

logA= 3-16767 
logB= - 2-18373 

The following are the ballistic elements from which the 
above values were determined. 



Nature of gun. 


c 


I 


W 


w 


A 


V 


19 cm. gun 
10 cm. gun 


1-94 
1-00 


32-9 
22-6 


75 
12 


15 
31 


870 
0-957 


4480 
4850 



Unities, kilogrammes and decimetres. 



The value of t = 1 assumed, is that of the actual time of 
combustion of one grain of W|^ at the velocity of burning 
of 10 mm. per second. 
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Determination of a and \. 

233. It has already been shown (§ 161) that the general 
form of 'y^ {t) the ratio of the powder barnt at the end of the 
time t to the total weight of the grain is 

T \ T T / 

when 

X -{■ y -\- xy xy 

a = l+x+y, d = -r ,^\ % /.= ^ 



l+x-^y' ^ l + x + y' 



a a 

p y 



and a, ^, and 7 the three dimensions of the grain, of which 
a is the least. 



Determination of a and \for Spherical Grains. 

234. Here if R = radius of grain, we have the volume of 
grain at beginning = J tt R^. 

Ditto at end of time ^ = | tt (R — v {f. 
Volume burnt in t 



^^^ 



but 

R t; 1 

"=7' ^' R =t' 

therefore volume burnt in t 



= t^ 



and ratio of volume burnt to original volume or 



,(„=lZlili).si(.-i^Ji). 



I 2 
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Comparing which with the general formula 

we get 

(1 = 3; X = l; f' = J« 

Cvhical Grain, 

235. Here as in the first plate a = /8 = 7, and therefore 

a = 3; X = l; /* = i' 

Small Irregular Grain. 

236. These may be considered as spherical grains of which 
the mean radius is found as follows. 

N = number of grains per kilogramme. 
8 = absolute density of powder. 
R = mean radius of grain. 
Then 

*.E.8N = 1 or ^ = {-^,-^)h 

and consequently as above 

a = 3; X = 1; /* = ^• 



Here 



237. Wlat Grainy Dimensions a, )8, and 7, of which 

a is the least. 

0=1 +a+y 

^ _ g + y •¥ xy 

1 +« + y 
X V 



Suppose then 



1 + « + y' 






"' 1 
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substituting which values we get 

a = 2-633; A = -8502; /x = •2419. 

Cylindrical Grain with Bomid Role. 

238. Let E = external radius of grain. 
r = radius of hole. 
h = height of grain. 
Then, original volume 

Volume burnt at t 

and if B — r be less than h 

l^-y , 2t; 1 ^2t;l(E-r) 

and writing 
volume burnt at t 

and the ratio of this to the original volume is 

,(,) = i-(.-t)(i..t) = (: + .,f(._^^._'), 

therefore 

a = 1 + jc ; X = ---— ; ;a = 0. 



Prismatic Orain with Hole. 

239. This may be treated as a cylindrical grain, using 
instead of B, the mean radius of the inscribed and cir- 
cumscribed circles of the hexagon. 
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On the Relation between the Duration of Burning of a 
Powder and its Physical Properties. 

240. If e and t be the thickness and time of burning of a 
grain of powder, and v the corresponding rate of burning 



e 

T = 



and since according to Piobert's experiments the velocity is 
inversely as the absolute density, we have for grains differing 
only in thickness and density 

T = K^e, 
K being a constant. 

241. M. Sarrau, adopting this relation, has applied it to 
the calculation of the " Characteristics " of various powders, 
but a comparison of the values of t thus obtained, with those 
obtained by actual experiments, shows that the above formula 
does not exactly represent the law according to which the 
time of burning depends on the thickness and density. 

In fact, in the case of two powders W^f and Wf ^, of the 
same composition and nearly the same density, the ratio of 
the thickness being 1 • 5, that of the time of combustion is 
1 • 25, and for two other powders SP3 and SP2, of the same 
composition, the ratio of the thickness was 1 '84, whilst that 
of the time of combustion was 1 • 53. 

Again, if the duration of combustion was exactly propor- 
tional to the density, the velocities given by different powders 
would be inversely as the |th power of the density, but 
experience shows that the variation of the velocity is 
considerably greater than would be given by this law. 

Consequently, we are led to the opinion that the actual 
duration of combustion increases more rapidly than the 
density, and less rapidly than the thickness. 

242. It is easy to perceive that this may be due in great 
measure to the process of manufacture. In some cases, the 
amount of compression may be such as to ensure a near 
approach to unif(>rmity of density throughout the cake 
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whilst in others, the interior of the cake may be less dense, 
and thus after the outer crust is burnt through, the combus- 
tion may go on much more rapidly. 

It would be necessary therefore in such cases, to introduce 
a mean velocity of burning, which would be a function of 
the thickness of the grain. 

243. An empirical formula representing approximately 
the relation between the time of burning and the thickness 
would be of much practical use, but to establish it numerous 
and careful experiments would be required. 

244. Meanwhile, M. Sarrau adopts provisionally the follow- 
ing formula 

'' " " U-875-8) 

in which k varies according to the process of manufacture, 
and he gives for the French powders in the following tables, 
which he divides into three categories, the following values. 



Powder. 


Salt- 
petre. 


Sulphur. 


Char- 
coal. 


Mode of Manufacture. 


Absolute 
Density. 


Value 
of K. 


W. Wetteren 
0. and S.P. 

A.8. f§ .. 


75-5 
75-0 
75-0 


12-0 
10-0 
10-0 


12-5 
15-0 
15-0 


Gronnd and pressed 
Ditto 
Ditto 


1-79 

1-735-1-780 

1-800 


0-915 
0-665 
0-860 



245. With these values of k M. Sarrau has calculated the 
values of t for the following powders. 





Dimensions of 
Grains. 


Grains to the 
Kilogramme. 


Value of T. 




Name 

of 
Powder. 


From 

Experi- 

ment by 

Firing. 


From 
Formula. 


Difference. 


Z^ 

? 

it, 

1?: 


mm. 
10 X 13 X 16 
16 X 20 X 25 
20 X 25 X 30 
30 X 34 X 48 
6-6 X 8 X14-5 

9toib«3 X 13 X 20 
12 to 13 X 17 X 21 
23 to 24 X 35 X 35 


330 to 385 

104 to 116 

55 to 60 

18 

1900 

360 

110 

20 


1-000 
1-292 
1-546 
1-942 
0-511 
0-554 
0-714 
0-932 
1-423 


0-972 
1-294 
1-547 
1-966 
0-470 
0-535 
0-722 
0-934 
1-442 


+ 0-028 

-o-ro2 

-0 001 

- 0-024 
+ 0-041 
-0001 

- 0-008 

- 0-002 

- 0-019 
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246. The diflFerences are inconsiderable except for the 
Wfl and Ci, and are accounted for by t/L Sarrau as due to 
some difference in the mode of manufacture. The formula 
therefore gives very approximate results, but should be 
applied to other powders under reserve, in the absence of 
further verification. 

247. Although the formula icS« is acknowledged to be 
inexact, it has nevertheless given satisfactory results when 
compared with those actually obtained by firing. 

It is however preferable, in determining t from the 
physical properties of a powder, to make use of the 
formula 

'^ '^ " U-876-8J ' 

taking the value of k from the table given above ; but as 
even this formula is uncertain owing to the uncertainty of 
the law which connects k with the composition and mode of 
manufacture, it is always best to deduce the value of t from 
ballistic results actually observed. 

. Tor this it suffices to measure the velocity obtained under 
certain ballistic conditions. 

For instance, the value of H is obtained from the 
monomial relation 

V = ; , 

and then r is obtained from 

or denoting by the suffix ^ the data relative to the type 
powder WH, the relation of — is given by the relations 

«VAV/HoV 



k - (mrm- 
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248. In this latter formula, replacing the factors of the 
type powder W^ by their numerical values, we get 

whence 

log N = 27-95399. 

It must however be borne in mind, that the above formula 
for V ceases to be applicable when the powder acts in the 
eprouvette as a slow powder; in which case recourse must 
be had to the binomial formula for the velocity. 



The Determination of the " Characteristics '^ of a Powder, 
249. The characteristics of a powder are represented by 



• - a' 



and p = -, 



It has already been shown that for powders of approxi- 
mately the same composition the value of / does not vary 
much, and therefore if any one powder be selected as a type 
powder, we may for that powder make / equal unity, its 
actual numerical value being included in the constants 
A and M. 

For the type powder chosen by M. Sarrau, WH> the thick- 
ness of the grain is 10 mm., and taking the velocity of 
combustion as determined by Piobert to be in free air 10 mm. 
per second, we get t = 1. 

Now a and \ are determined by the ibrm of grain as 
shown above (§ 233). 

250. Consequently, for the type powder, we have /= 1, 
T=l,a = 2-^7^\=-85,0,, ^ 

For any ^the^ l^owde^ 'the value of r may be obtained 
thus, making / = 1 : 
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and 



= » (;) © 



251. The second of these is easily solved for t ; writing 



we get 


^v 


a*X» 








The first equation is 
put under the form 


not directly soluble, 


but it 


may 


be 


where 


Vr' 


-Xt= -xy 








and 


X = 
Y = 


B\(W/)4. 






• 



and from this t may be obtained by approximation. 

252. But we do not know a priori, which of the above 
equations is applicable when we fire a powder whose 
characteristics are unknown, in a given gun. To obviate^ this 
difficulty the following method may be used. 

253. The monomial formula is applicable when y 

= B-(— )* is greater than -273; if 7 < '273 the bi- 
nomial formula is to be used. 

Moreover the two formulae will give nearly the same 
results in the vicinity of conditions which make 7 = '273. 

This being so, apply first the formula 

a*X« 



T = 



A.3 

and with the value of t thus obtained find the value of 7. 
If this value be > 0*273 the monomial formula is actually 
applicable, and the value of r thus obtained is to be 
admitted. 
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254. If the value of 7 however be < 0*273 it is the bi- 
nomial formula which should be used, and the value of t 
found is only approximate. 

Let To, then, be the approximate value, and t the real value 
sought. 

Substituting tq in the binomial formula for V, we get an 
approximate value Vq for the velocity. 

Now the binomial formula is of the form V =/ (t), and 
developing the second member by Taylor's theorem, 

V = /(To) + (t - T,)r (to) + &c. 

Limiting the development to the first two terms and 
observing that / (to) = Vq, we get 

_ V - V q. 

dY 
Now /* (tq) is the diflferential coefficient -— when r is re- 

dr 
presented by t©. 

But by formula (52) 

dY Y 

— = - n-, 

CLt t 

the value of n being given as a function of the modulus x by 
the relation 

1-0? 



n = I . 



3-0?' 



Moreover by (35) x and 7 are connected by the relation 

a; = 3 7, 7 being = B y8 ^^ ^ . 

c 

Consequently, 
and 

which approximation is generally sufficient. 
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Application of Formula to the Designing of Ov/ns. 

Problem I. 

255. Given the calibre and weight of projectile, to deter- 
mine the conditions to be adopted to realise a given initial 
velocity and a given maximum pressure. 

256. The maximum pressure allowable is fixed by the 
resistance of the gun, and is the pressure at the breech. It is 
therefore this pressure which must be introduced into the 
formula. 

On account, however, of the greater simplicity of the for- 
mula obtained, M. Sarrau resolves the problem with regard 
to the maximum pressure on the base of the projectile, and 
then transforms the results, so as to introduce the maximum 
pressure on the breech. 

257. The calibre and weight of projectile being given, 
the variables disposable to obtain the internal velocity V2 
and maximum pressure on projectile P, are Z, w, A, /, a, X, r, 
the first three of which relate to the gun, and the last three 
to the powder. 

If then/ is determined by the mode of fabrication of the 
powder, a and X by the form of grain, the number of variables 
is reduced to four, I, w, A, and t. 

Now 
and 

T C 

and since V and P are given we have two equations for 
resolving the problem. 

258. If two of the variables u\ I, A, t be assumed, the other 
two may be determined so as that the velocity and pressure 
may have the required values. 

259. The two equations above, are only soluble when I and 
T are assumed or known, and w and A are the unknown 
quantities. 



u> ^ 
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It is, however, possible in all cases to put the unknown 
quantities under an explicit form by taking the modulus of 
the powder as an auxiliary variable. 

For this, it is necessary to consider the relations (37) and 
(38) which give V and P in function of the modulus x, and the 
variables Z, w, A, and add the relation (35) which exists 
between the modulus and the variables I and r. 

Thus there are three equations : — 

fa Aur 
P = K(3B)-' -L^.tlJL.a! 

^ ^ cli 

. = 3B^.(^* 

T C 

which give the solution of the problem. 

260. Having given the modulus and one of fhefou/r variables 
I, ft), A, and t, to determine the other three, so that the initial 
velocity and maximum pressure have the required valuss. 

Practically, the gravimetric density A is fixed within 
narrow limits, it is suflBcient then to consider this variable as 
given. In consequence the problem finally resolves itself 
into this : — 

261. Having given the modulus and the gravimetric density of 
the charge, to determine the weight of the charge, the length of 
travel of the projectile, and the tims of combustion of the grain, 
so that the initial velocity and maximum pressure m^y have 
given values. 

It is to be remarked that in the above the modulus 
appears as given with an arbitrary value. It may, therefore, 
be chosen a priori, so that its value shall be within suitable 
limits as mentioned in (§ 225). 

262. The problem being thus fixed as above, its solution is 
easily obtained from (37), (38), and (35). 

The two first equations give w and I, To eliminate I it 
suffices to multiply together (37) and (38) raised respectively 
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to the powers 2 and J. The value of w is thus obtained. 
From (38) we then get the value of Z, and finally t from 
(35). 



Thus, 



w //o\~*V'P* 



. = H,M!^' . 1 (59) 

C X 



where 



H2 = f A-2(3B)-iK^ 
II3 = 3 B 



(60) 



The values of A, B, and K have been previously given. 

logA= 3-16767 
logB= - 2-18373 
logK= 3-96197 

from which are derived 

log Hi = - 10-02713 
log Ha = 0-62937 
log Hs = - 2 - 66085 

263. Suppose now that instead of P the maximum pressure 
on the base of the projectile, Pq the maximum pressure on the 
breech is given. 

In this case, the formulae are derived from the preceding 

by replacing P by Po, and K by Kq ( vtv j and we get 



X([W)* 1 



X 



(64) 
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the constants Ki Ka K3 being derived from Hi Ha and H3 by 
replacing K by K©. 

The numerical value of Ko was given above as log Kq = 
4-25092, therefore 

logKi= - 11-88266 
logK2= 1-06279 
logK8= - 2-66088 

the functions (x) and y^ {x) being always determined by 
the relations (61). 

264. For values of the modulus less than ^,f{x) is repre- 
sented by the expression (36) 

/(aj) = iaj^(3-a;); 
consequently 



and 



i/r(a;) = 05^/(05) -* = 



x^ (3 - xf 

4:Xi 



(66) 



(66) 



{S-xf 

265. For values of the modulus greater than ^, / (x) is 
represented by an expression of the form N x^, and therefore 

<t)(x) = l^-^x'^ and ^(a;) = N-^a;^ (67) 

where N is determined by making aj = ^ in the equation 

ia;^(3 -a) = lSr-»a?^^ ^ 



266. 



Table of / (a?), log / (a?), log <p (ar), log 4^ (x), and log 
FOR Values of x from 1*2 to 0-5. 



X 



X 


/W 


log f{x) 


log </) (ar) 


\og^(x) 


X 


1-2 


10352 


0-01561 


-1-93039 


0-08875 


-1-92082 


11 


1-0240 


0' 01028 


-1-95874 


0-04152 


-1-95861 


1-0 


1-0118 


0-00511 


-1-98978 


-1-98978 


0-0000 


0-9 


0-9986 


-1-99939 


0-02410 


-1-93258 


0-04576 


0-8 


0-9839 


-1-99293 


0-06259 


-1-86877 


0-09691 


0-7 


0-9622 


-1-98325 


0-11095 


-1-80115 


0-15490 


0-6 


0-9295 


-1-96825 


0-17442 


-1-73072 


0-22185 


0-5 


0-8839 


-1-94639 


0-25773 


-1-65567 


0-30103 
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267. The expressions (57), (58), and (59) give the values 
oiw, Z, and r as functions of V, P, x, and A ; it remains to de- 
termine the laws uniting the unknown with the known quan- 
tities. These laws are very simple when the maximum 
pressure on the breech is amongst the latter ; they are some- 
what less so when it is the maximum pressure on the breech 
which is given ; but in both cases the general drift of the 
formula is the same, and we may therefore confine ourselves 
to the first case in order to study the separate influence of 
each variable. 

For this purpose, in the expressions (57), (58), and (59) 
substituting the value of I in the equation for t, and 
writing 



and 

we obtain 



H, = f A (3B)^K^ 



/fa\'^ W V*P* 
«' = H.(y ^4-^*(«=) (68) 

268. Hence it appears, that in a gun of a given calibre, 
for given values of the maximum pressure, modulus, and 
gravimetric density,—^ 

(a) The weight of charge, and the length of travel of the 
projectile are proportional to the vis viva of the projectile. 

That in a gun of given calibre and for fixed values of the 
weight of projectile, modulus, and gravimetric density, — 
(b) The weight of charge is proportional to the square 

root of the maximum pressv/re. 
The length of travel is inversely as the | power of the 

maodmiim pressure. 
The duration of comhustion of a grain is inversely as 
the ^th power of the pressure. 
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269. From this it follows, Istly, that an increase in the 
strength of the gun, permitting a higher maximum pressure, 
enables us, with a powder of the same modulns, and the same 
gravimetric density, to obtain the same velocity, by diminish- 
ing the length of the gun, increasing the weight of charge, 
and using a quicker powder, 

270. 2ndly, That in a gun of given calibre, and with fixed 
values of the weight of projectile, velocity, maximum pressure, 
and modulus. 

The weight of charge is inversely as tlie gravimetric 

density. 
The length of travel is directly as the gravimetric 

density. 
The duration of combustion of a grain is as the square 

root of the gravimetric density. 

271. Consequently, by enlarging the powder chamber, ire 
can realise, with the same modulus, the same ballistic effect, 
by decreasing the length of travel, increasing the charge, and 
using a quicker powder. 

272. When all the ballistic elements remain constant 
except the modulus, the weight of the charge, the length of 
travel, and the duration of combustion vary directly as the 
functions <f> (x) ■^ (x) and x (*) the variation of which is shown 
in the following table. 

273. 



274. Now, since the weight of the charge is as (x) and 
the travel as ifr (x), and since <i> (x) increases and x {!") decreases 
as the modulus decreases, it is evident that the same ballistic 
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effect may Be obtained with a slower powder, that is to say 
a powder of a lower modulus, by a simultaneous increase of 
the weight of charge, and decrease of the length of travel. 



Influence of the Nature of the Powder and the Form 

of Grain. 

275. The weight of charge and travel of the projectile 

depend on the nature of the powder and form of the grain, 

J* 

that is to say, on the factor '^—, 

The weight of the charge is inversely as the f power of —-, 
and the length of travel directly as the square root of the 
same. Consequently, by whatever means "^ can be increased, 

A* 

the same ballistic result may be obtained with a smaller 
charge and increased length of travel, employing at the same 
time a slower powder. 

276. The value of •>— may be increased either by adopting 

a powder of different composition, such as the picrates, or by 
the use of forms of grain giving a higher value to a, and a 
lower value to X, such as a flat or pierced cylindric grain. 



Having given two different guns, to find the relations neces- 
sary between the weight of charge, the length of travel, 
and the gravimetric density, in the two guns, so as to 
obtain with given moduli, the same velocity and maximum 
pressure with the same powder, 

277. Let Po be the maximum pressure on the breech, and 
V the velocity. Then Po and V must be the same in the two 
guns. 
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Let c, W, w, ly A, X be the elements for one gun, 

c\ Wy w', ?, A', oj' the corresponding elements for 
the other; 
therefore from (62), (63), and (64) we have for the two guns 
the following equations : — 

7aVAWVYw\* 









'' cx 



(75) 



. = k/J?:A*. (76) 

The powder being the same, /, a, \, and t do not change. 

From (71) 

VW7 ^ A <^ (a^O 
w\f A'0(a?)* 



(w)' 



(77) 



From (72) 



»'\t 



(-y 



V _ A'W /£ Y »A(«') VWV ^ mg) 

I ~ AW V/ (iA«) /2i\** 

\W/ 



* For tigaifloationa of E„ K„ K„ see (§ 263> 



K 2 
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From (73) 



(W V)^ ^ (WO* (79) 



c' a;' ex 



from which we get the values of 



and 



A' [ w^ 

c W 



which relations give the solution of the problem. 
278. The equation (79) gives 

i; w/cvy 

V 

and giving to — its value from (78) and taking account of 
the relation (77) we haTO 

but by (61) f («) = as* ^ (»), therefore 

and (81) becomes 

Combining (77), (80), and (83), the following formuln are 
obtained which give the solution of the problem. 



'! Wc'/asV 
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t'^imm- « 



»' 






279. If the two' guns are similar _ = | -llV, and the 

W \c y 

above relations become 






(87) 



r=e)"smr- <-) 



w 



w " (c0(a:)l • (®^) 



Application of Formulm. 

280. M. Sarrau proceeds to apply these formulcB to the 
following problems : — 

1. Calculation of initial velocity and maximum pressure 
in a given gun, under given conditions of firing, with a 
powder of which the Characteristics are known. 

2. Determination of the Characteristics of a powder. 

3. Analysis of an existing gun. 

4. Determination of the interior dimensions, of the con- 
ditions of loading, and of the powder to be adopted, to obtain 
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a given initial yelocity, and maximum pressure, with given 
calibre and weight of projectile. 

5. Determination of the interior dimensions and conditions 
of loading in order to obtain, with the same powder, a given 
initial velocity and maximum pressure, in guns of diflferent 
calibre. 

281. These are the principal problems of internal ballistics, 
and the following is a resume of the notation, employed. 

e = calibre of gun. 
W = weight of projectile. 

I = length of travel. 

s = volume of powder chamber. 

w = weight of charge. 

A = gravimetric density (" densite de chargement "). 
a, fiy = Characteristics of the powder. 

V = initial velocity. 

P = maximum pressure on base of projectile. 

Po = „ at breech. 

Unities, decimetre, kilogramme, second. 

282. In the following calculations /is taken = 1. 
When the problem involves the determination of the 

powder to be used M. Sarrau adopts the cubical form of 
grain, in which case 

^^ //ay where a = 3 

and 

^ = - where X = 1, 

T 

and the value of r, the duration of the combustion of a grain 
in free air, is the unknown which is to be determined. 

283. When the form is not cubical, the formula gives a 
value r' different from r, but it is generally useless to cal- 
culate r directly, when a previous calculation has given r« 
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In this case it is enough to determine r by the condition 
that 

fa fxS , a 

S- = or T = 5T. 

T T O 

284. We know that as a consequence of this condition the 
substitution of any other grain for the cubical grain retains 
the same maximum pressure and increases the velocity, and 
therefore the solution which results for the problem is 
generally more advantageous than that given by the cubical 
grain, and it may be adopted without adhering too strictly 
to the exact realisation of the velocity. 

285. Having thus found t, it remains to determine the 
powder which will realise this duration of combustion. 

This would be got with certainty, did we know for each 
mode of fabrication, the relation existing between the time 
of combustion of the powder, its thickness, and its absolute 
density. We could then deduce from this relation, the 
thickness to be given to the grain for assigned values of the 
duration of combustion and absolute density. Unfortunately 
this relation is not at present known. As has been already 
stated, M. Sarrau adopts provisionally the relation 



" "U-STS-SJ ' 



where e is the thickness of the grain, S the density, and 
K a constant depending on the mode of fabrication. 

M. Sarrau adopts for k the following values for three 
descriptions of powder generally used in France, viz, — 

1. Powder W k = 0-916 

2. „ C. andS.P. .. #c = 0-666 

3. „ A.S.i^ .. .. K = 0-860 

Unity of length, the decimetre. 



136 INTEBNAL BALLISTICS, 

286, Admitting this relation the thickness of the grain 
is given by the formula — 

e = (1-875 -S)(;Y. 

287. When the powder used does not differ much from 
the types actually in service, the following method may 
be adopted. Having found the value of t for a cubical 
grain, find the corresponding value of the characteristic 

(I =r I _ j2 and compare this with the values of a of the usual 

powders as given in col. 4 of the table of Characteristics for 
different powders given in (§ 319). If the value of a obtained 
is contained between any two values of this table, the 
powder to be adopted will be intermediate between the two 
powders to which their value belongs, and this will generally 
be sufiicient to determine the powder to be used. 



Problem I. 

288. Given 

c the calibre of the gun, 
I the length of travel of the projectile, 
W the weight of projectile, 
w the weight of charge, 
A the gravimetric density. 

To find 

V the initial velocity, 
P the pressure on the base of projectile, 
Po the pressure on the breech. 

Let a and /3 be the Characteristics of the powder. 
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Calculation of VdocUy. 
289. Then we have 
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V = Aa(»r)»(A^)(l-y) 



logA= 3-16767 
log B = - 2 • 18373. 

290. The value of 7 must first be calculated. If it be 
less than 0-273 the above formula is applicable, but if 
greater we must use the monomial formula 

V = Ma)8 8- 



when 



Here 



log M = 3-49425. . 

Ist Example. 
SPi powder in 90 mm. gun. 

c = 0-91, Z=16-7, « = 2-800, W = 8, 
w = 2-4, A = 0-857. 



V, 



logB = 


- 2-18373 


log A 




z= 


3 16767 


., /8 = 


0-07871 


» a 




= 


0-27926 


.. wi = 


0-45154 


„ w^ 




= 


0-14258 


.. i* = 


0-61136 


.. A^ 




^ 


- 1 - 98324 






.. (i-y) 

Oednot 
log (W c)i 

log V 




-45852 
- 1-88511 


Dednct 


- 1-32534 

- 1 - 95904 


logc 


3-91638 


logy 


- 1-86630 
0-23244 
0-76756 


0-21493 


• • 7 
And 1 — y = 


3-70145 



-. V = 5029 dm. 

= 502*9 metres per second. 
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291. 



Here 



c = 



2nd Example. 
Ci powder in 95 mm. gun. 

0-96, Z=19-6, » = 2-640, W = 10-9, 
w? = 2-l, A = 0-795. 



logB = 
„ )8 = 
„ W^ = 



Deduct 
logc 



- 2-18373 
0-26619 

0-52371 

0-64613 

3-61976 

- 1-98227 



log 7 3 - 63749 

.-. y = -43400 
. • . monomial formula 
must be used. 



lo2 M 



a p~ 8 = 

s 
W^ = 

A^ = 

1 
Zio = 



Deduct 

log W^ = 



V. 

3-49425 
0-27206 

0-12082 

- 1 • 97509 

- 1-99779 
0-24229 



4-10230 



45825 



log V 3-64405 

.-. V = 4406 dm. 

= 440 - 6 metres per second. 



292. Calculation of Maximum Pressure, 

P = pressure on base of projectile. 
Po = pressure on breech. 

2nd Example. 
The formulae for the pressure are the following 

A (W w)^ 



P =Ka= 



P«=K«a^ 



on base of projectile 



^w 



*W* 



on breech 



when 



logK = 3-96197 
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and 

log Ko= 4-25092 
„ a>= 0-74377. 

Making use of which, the values obtained are ; — 

P = 2120 kilo, per dm«. 
Po=2717 „ „ 



293. Pboblem II. 

To determine the Gharaeteristies of a Powder. 

As has been already shown these depend upon the mode of 
manufacture^ the form, and the time of combustion of a 
grain. 

Proceeding in the way indicated in (§ 251), we have 

_ a 11 , 8 



X = 



T C 



294. lit Example. 

To det^ermine a and fi for SPi fired from a 155 mm. gun. 
This powder being of a parallelopipedal form we have 

a = 2-684, X = 0-856. 

Let the initial velocity realised be 459 metres or 4590 dm. 
per second, under the following conditions : — 

c=l-56, Z = 32-2, «= 12-80, W = 40, 

w = 8-76, A = 0-684. 
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Then from the above we find 

logX = - 1-75041 
„ T= - 1-86503 or t = 0-716 
„ .y= 0-62400 or y = 0-42074. 

This being greater than 0-273 the value of t = 0-716 
may be admitted. 

2n(2 Mtample. 

295. To determine a and ^ for the same powder fired in 
90 mm. gun. Here the conditions are : — 

c = 0-91, Z = 16-7, « = 2-800, W = 8, 

«7 = 2-4, A = 0-857. 

V = 502-2 metres = 5022 dm. 

From which we find : — 

log X = - 1 • 74823 
„ To = - 1-83759 or to = 0-688 
„ y = -- 1-38247 „ y = 0-24125 

which being less than • 273, the method of (§ 254) must be 
adopted. 

First the value of V^ must be obtained by formula (13), 
making use of the value of tq and y just found. 

This, in the present case, gives Vo = 5058, then by 
formula (§ 254.) 

we find 

T -To = 0-027 

add 

To = 0-688 



gives 

T =0-715 

which is the same as found in the first example. 
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Problem III. 
296. Analysis of an existing Oun. 

Under usual conditions the chamber is not entirely filled 
with the charge. 

The charge may therefore be increased, and combining 
this increase with a slower powder the velocity may be 
increased without increasing the pressure. 

The amount of this increase is however limited by the 
value of the modulus, which, for reasons already given 
(§ 225), should not exceed -j^. 

297. To appreciate the ballistic effect possible to be 
realised in an existing gun with a fixed maximum pressure, 
and with the above limit of modulus, the following method 
is to be adopted. 

Let Po be the pressure on the breech which must not be 
exceeded, and which is only bounded by the strength of the 
gun. The relation (39) gives 

P.»K.(8B,-.a(^/^»... 
Substituting - for A gives ti; as a function of P© and the 

8 

modulus X. 

Giving X successive values decreasing by 0*1, and be- 
ginning from the superior limit of a = 1 • 2, we find a series 
of weights of charge realising the same maximum pressure 
with powders of increasing slowness. 

Then by formula (37) 

V = iA(8B) *(y---^/(«) 

we get corresponding velocities. And since by (34) 

„„\(Wn* 

T C 

r the corresponding time of combustion is found. 
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298. The least yalae to be giyen to the modalns is 
either ^ or that yalae superior to ^ which corresponds to 
the maximam of grayimetric density, which may be taken 
as unity. 

299. The formulae to be used are 



where 



„i.A,(^)"'.oi».W*P.l 



-^m 



fa \ * »*A* c* Z* 



T = A,A 



(WJ)* 1 

c ' X 



/W 



(90) 



logAj= - 6-40993 
logAa= 3-66116 
log A, = - 2 • 66086, 



the yalues of /(a?) and - being given in the table § 323. 

X 



300. let Eosample. 

24 cm. Naval gun of 1870. 

-^ = 2-42, i = 38-2, « = 85, W = 
Po = 2600 kilog. per cm.*, a = 3, A. 



144, 



= 1. 



801. The following table gives the values ofi^, V, and t, 
calculated as above, for values of a decreasiug by 0*1 
downwards from 1 * 2. 



X 


to 


A 


V 


T 


logtt 


1-2 
11 
10 
0-9 
0-8 


27-19 
28-67 
80-17 
82*04 
34-27 


0-777 
0-816 
0-862 
0-915 
0-929 


486-2 
444 1 
455 
466-4 
479-1 


1-170 
1-276 
1-403 
1-560 
1-574 


0-20453 
0-18563 
0- 16495 
0-14206 
0-11648 
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802. The last column contains the logarithms of the 

characteristic a = ( ) • 

By comparing this value with those of the table, it will 
be seen which of the actual service powders will approxi- 
mately realise the required ballistic effect. 

Values of x below 0*8 have not been used, as in that case 
A would exceed unity. ' 

It will be seen by comparing the above table with table 
(§ 319), that with a powder approaching to SP2 a charge 
of 27 • 19 kilog. would give a velocity of 436 * 2 metres per 
second, whilst with a powder approaching to SP3 a charge 
of 34 • 27 kilog. would increase the velocity to 479 * 1 metres 
per second, without increasing the pressure. In order to 
obtain a higher velocity it would be necessary to increase 
the size of the chamber and use a still higher charge of 
slower powder. 

303. Similar tables to the above may be found for a series 
of guns of given dimensions for each form of grain of powder 
and for a fixed maximum pressure, and from these tables 
the conditions may be known under which any powder 
whose characteristics are known, may be used with a fixed 
maximum pressure. 

304. For instance, let it be required to be known, under 
what conditions the powder Wf ^ could be used in the 64 cm. 
gun, so as not to exceed the maximum pressure of 2500 kilog. 
per cm.* 

By table (§ 319), the log a for Wf^ is 0-16524, and by 
table (§ 301) lag a is • 16494, corresponding to a? = 1, that is 
to say that with a charge of 30*17 kilog., density 0'862, 
of a powder nearly approaching to WfJ^, a velocity of 455 
metres per second would be obtained without increasing the 
pressure. 
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Problem IV. 

305. Qiven the calibre and weight of projectile, the initial 

velocity^ and maximum pressure, to find the interior 
dimensions of the gun, the conditions of loading and 
the powder to he used, 

306. The formulsB to be used are (71), (72), (73). 



\ C / X 



(91) 



where 



logKi= - 11-88266 
logK2= 1-06279 
log Kg = - 2-66085 

1 

The values of ^ (oj), yjr (x), and - are given in the table. 

307. To make use of these formulee, the following are 
assumed as known, c, W, V, Po, A ; a and \ depending on 
the form of grain, and /as usual reduced to unity. 

This being so, let different values of the modulus be 
assumed, say • 9, • 8, and • 7, corresponding to a quick, 
a medium, and a slow powder respectively. 

For each of these values of the modulus corresponding 

values of =^, -, and t will be obtained by means of the 

above equations, and from the three solutions thus obtained 
that one will be selected which is most suitable. 

Is^ Example. 
90 cm. gun. 

308. The powder is supposed to be cubical, but we may 
pass to any other form of grain as shown above (§ 283). 

Let c = 0-91, W = 8, V = 450m., Po = 2000, A = 0-950. 
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From which the following values are obtained :- 



X 


to 
W 


c 


T . 


logo 


0-9 
0-8 
0-7 


0-183 
0-198 
0-219 


20-70 
18-41 
17-21 


0-666 
0-728 
0-805 


0-82026 
0-30743 
28569 



309. The solution when aj = * 9 gives the lowest charge, 
and if it be adopted we get 

w = 1-464 kilog., I = 18-8 dm. 

and comparing the value of log a with the table (§ 319), we 
find that the powder C.2 approximates very nearly to the 
required powder. 

2nd Example. 

42 cm. gun. 

310. Here e = 4-2, W = 780, V = 500 m., Po = 2500, 
A = '950, and the following values are obtained. 



X 


w 
W 


I 
c 


T 


logo 


0-9 
0-8 
0-7 


0-244 
0-264 
0-291 


20 19 
17-95 
15 94 


3-115 
3-306 
3-560 


-1-99177 

- 1-97894 

- 1-96282 



Supposing the powder to be a mediura powder we adopt 
the solution corresponding to a = ' 8, and we get 

w = 205 kilog., Z = 75 • 4 dm. 

311. The table (§319) contains no powder suitable under 
these conditions. We must therefore inquire what thickness 
of grain will be necessary for a suitable powder. 

312. Let the nature of the powder be that of ASf^, and 
the absolute density be 1 • 830. Then by the table (§ 285) we 
take /c = • 860 and since t =» 3 • 306, we get 

. = (..875-8,(rJ..0«(i^5)' = O.6« 
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and the unity being the decimetre, this corresponds to a 
thickness of 66*4 mm. 

Consequently, a powder of similar manufacture to 
ASj§, with a thickness of grain of about 66 mm*, will be the 
powder required. 

Problem V. 

Oiven the Weight of Projectile, the Characteristics of the Powder, 
the Initial Velocity, a/nd Maximum Pressure, to find the 
Interior Dimensions and Conditions of Loading in Ouns 
of Different Calibres, 

313. Let c and c' be the calibre. 

W and W the weight of projectile. 
V and Po the velocity and maximum pressure. 
In the first place we must assume for the first gun calibre 
e, the gravimetric density A, and the modulus x, and find by 

t%n 7 

means of formulae (84), (85), (86), the values of ^, -, and t 

VY C 

which give for these guns the solution of the problem. We 
then choose for the calibre <i a value of the modulus «', and 

find the corresponding values of - > —j , A' by the formulae 

(84), (85), (86). 

314. The value chosen for the modulus should increase 
with the calibre. Let e' > c, then since the weight of pro- 
jectile is sensibly proportional to the cube of the calibre, the 
formulae (87), (88), and (89) are generally applicable, and if 
we suppose oj = as' these formulae become 

c W 

and these give for the calibre c' a value of A', notably less 

w' w 

than A, and a value of =, notably greater than = which 

would lead in general to an excessive size of chamber. 



i 
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w 
If on the contrary x' >x the value of A' increases and = 

I 
decreases, but then the value of — increases. 



Now in fact, the diflBculty of realising a length of travel, 
considerable comparatively to the calibre, increases with the 

calibre, consequently a solution by virtue of which - is 

greater than - is not satisfactory, and we may assume that 

c 

x' & 
the relation — = - fixes the superior limit of x'. 

X c ^ 

d 8 

315. For instance let us take - = = orflj = 0'7, aj' = 0'8: 

el 

then the formulae (87), (88), and (89) give 

5 = t, ^.■ = 0-837^, ^,= 1-061(1) 

which represents very nearly the case of the service guns of 
32 cm. and 27 cm. 

d 9 

316. If again we take -=: = oraj= 0*7, «' = 0*9 

\ \ to' /tr\ 

? = c' ^' = 0-702 A. ^-=1147y 

which is nearly the case for the service guns of 155 mm. and 
120 mm. 

317. To apply the preceding remarks, let it be required to 
determine the interior dimensions and conditions of loading 
to be adopted in two guns of 27 cm. and 32 cm. calibre in 
order to obtain with the same powder a velocity of 535 
metres per second with a maximum pressure of 2400 kilog. 
per square centimetre. 

318. Here we have 

c = 2-76 W = 216 V = 585 m. 
c' = 8-22 Wi = 815 Po = 2400 kilog. 

L 2 
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G- ^' 3-22 8 , ^ , A ^ J 

bmce - = pr-?^ == ;^ nearly we may take aj = 0*7 and 
e 2*76 7 "^ "^ 

«' = 0*8 and fixing A at '950 for the 27 cm. gun we find by 

the application of the above formula 

For the 27 cm. gun. 

A = 0-950, ^ = 0-322, - = 20-70, 

W c 

«r=69-6, Z = 57-2, « = 73-30. 



For the 32 cm. gun. 

A' = 0-735, ^, = 0-367, ^ = 19-76, 

W c 

to =126-6, Z = 63-6, «' = 172-4. 

Supposing the grain to be cubical t = 2 • 381. 

If the powder be of similar manufacture to AS|^, and the 
density 1 • 820, the thickness of the grain as given by formula 
(§ 286) is about 42 mm. 
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319. 



Table I. 
Ghabaotebistics of Fbenoh Powdebs. 



Designation 


1 


2 


3 


4 


5 


6 


7 


of Powder. 


a 


A. 


T 


log a 


log/3 


log a i3 " ^ 


logo* 


w« 


2*572 


•851 


l^OOO 


•20513 


- 1-92993 


* 23141 


-41027 


W|« 


2*766 


*920 


1*292 


•16524 


-1-85243 


* 22057 


•33049 


WH 


2*814 


•937 


1^546 


•13002 


-1-78246 


21161 


• 26004 


Wtt 


2-840 


•945 


1^942 


•08254 


- 1^68719 


* 19944 


- 16508 


c, 


2*832 


•943 


•511 


•37188 


•26619 


* 27206 


•74377 


0, 


2*532 


•836 


•554 


•32997 


• 17868 


* 26297 


•65994 


SP, 


2*584 


*856 


•714 


•27926 


•07871 


•24974 


•55853 


SP, 


2*262 


•734 


•932 


•19244 


-1*89610 


•23141 


•38489 


SP, 


2*344 


•766 


1^423 


• 10838 


-1*73103 


•20924 


•21676 


ASfg 


2*600 


•862 


1-783 


•08196 


-1*68424 


•20037 


•16393 
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Table II. 

Desobiftion of the above Powdebs. 





Dimensions of Grains. 


No. of 
Grains per 
Kilo- 
gramme. 


Density. 






Thickness. 


Other 
Dimensions. 


Gravimetric. 


Absolnte. 


Composition. 


Wi* 


10 


. . 


330 to 385 


1*07 to 1*13 


1*794 


1 Saltpetre, 75 5 
S Sulphur, 12*0 
J Charcoal, 12 '5 




16 
20 
30 


t * 


104 to 116 

55 to 60 

18 


1-05 to 1*15 
1*14 
115 


1*787 
1*809 
1*800 


0, 


6*2 to 6-8 


8 to 14*5 


<1900 


>0*91 


>l-738 


• 


0, 


8 


. . 


625 to 650 


>0-91 


1*760 


Saltpetre, 76 


SP, 


9 to 10*3 


13 to 20 


<360 


>0*91 


>1*785 


Sulphur, 10 


8P. 


12 to 13 


17 to 21 


<110 


>0-91 


>1*800 


Charcoal, 15 


SP. 


23 to 24 


85 


< 20 


>0-91 


>1*815 


1 Saltpetre, 75* 5 


A8i« 


80 


40 


13 to 14 


1*15 


1*800 


1 Sulphur, 12*0 
Ichaxooal, 12*5 
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Table III. 
Dimensions of Fbengh Guns. 





1 


2 


3 


4 


Designation of Gun. 


CaUbre. 


Length of 

Travel 

of 

Projectile. 


Weight of 
Projectile. 


Capacity 

of 
Chamber. 




dm. 


dm. 


kilog. 


kilog. 


dm. cube. 


10 cm. for the Marine (1870) 


1' 


00 


22' 


6 


10 


12 


3- 165 


14 


1 


41 


27' 





21 


28 


4-285 


16 n 19 


1 


66 


30- 


2 


»> 


45 


9-695 


19 


1 


•94 


32- 


•9 


62-5 


75 


17-25 


24 


2- 


42 


38 < 


2 


120- 


144 


35-00 


27 


2 


•76 


41 


•0 


180- 216 


52-50 


32 ^ „ 


3 


■22 . 


51 


•6 


286-5 345 


86-25 


34 „ „ 


3 


40 


48 


•3 


j> 


425 


132-00 


80 mm. Land Gun, Mountain 




•805 


9 


•6 


5-6 




0-615 


80 „ „ Field .. 




•805 


17 


1 


5-6 




2 073 


90 f, ff „ 




•91 


16 


•7 


8-0 




2-800 


90 99 » )) • • 




•96 


19 


6 


10-9 




2-640 


120 „ „ „ .. 


1 


•21 


24 


•8 


18-0 




6 045 


loo ,j „ „ .. 


1 


56 


32 


2 


40-0 




12-80 


190 ,, „ „ 


1 


94 


30' 


9 


75-0 




21-10 


240 „ „ „ .. 


2-42 


40-5 


120-0 




38-05 



Since 1 kilog. of powder at gravimetric density ("density 
de chargement ") equal one occupies 1 dm. cube, the figures 
in column 4 represent the weight of charge when the chamber 
is filled at A = 1. 
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Table V. — Functions of the Modulus. 



X 


log/ (a:) 


log <p (a;) 


log ^ (a;) 


log- 

X 


1-2 


•01501 


-1-93039 


•08875 


-1-92082 


11 


•01028 • 


-1-95874 


•04152 


-1-95861 


1-0 


•00511 


-1-98978 


-1-98978 


0-00000 


0-9 


-1-99939 


-02410 


-1-93258 


-04576 


0-8 


-1-99293 


•06259 


-1-86877 


•09691 


0-7 


-1-98325 


•11093 


-1-80115 


•15490 


0-6 


-1-96825 


•17442 


-1-73072 


•22185 


0-5 


-1-94639 


•25773 


-1-65567 


•30103 



Reduction to English Weights and Measuees. 

Value of Constants. 

324. In M. Sarrau's investigations the unities are the 
kilogramme, decimetre, and second. In order to make use of 
his formula with the English unities of feet, lbs., and seconds 
it is therefore necessary to change the value of the constants 
A, B, K, M, &c. 

The following table has therefore been prepared which 
gives at one view the values of these constants in both 
notations. 

Table VI. 



Formula where used. 



(43) (§211) 

(15), (17) (§ 174), (§ 177) 

(13) (§172) 



(60) (§ 262) 



(62), (64) (§ 263) 



(90) (§ 299) 



Designation 


of Constant. 


log 


M 


log 


K 


log 


Ko 


log 


A 


log. 


B 


log 


H, 


log 


H, 


log 


Ha 


log 


K| 


log 


K. 


log 


K, 


log 


A, 


log 


A, 


log 


A, 



FSENGH. 



3-49425 
3-96197 
4-25092 
3 16767 
2 18373 
10-02713 
0-62937 
2^66085 
11-88266 
06279 
66085 
6-40993 
3^66116 
66085 



1 
2 



- 2 



English. 



2^84567 

0-61174 

0-90069 

2-56634 

-2-30964 

-7-09377 

-4-74373 

-2-78676 

-8-94944 

-317715 

-2-78676 

-3-88607 

2-99686 

-2-78676 



French unities 
English unities 



P and Po. 



rEilogs. per'i 
(square dm./" 
Tons per sq. in. 



w and W. 



Eilogs. 
Pounds 



c and {. 



Decimetre 
Inches 



V. 



Dm. per sec. 

Feet 



>> 
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Charaeteristios of English Powd&i\ 

325. For ordinary English powder, it being of the same 
composition as the C and SP French powder, the value of/ 
may be considered the same, and a and \ being only depen- 
dent on the form of grain, the values of r, and therefore of 
a and /3, may be determined for each powder in the manner 
described above. 

326. As regards prismatic powder, it is probable that some 
modification will be required. The time of burning depends 
upon the least thickness of the grain, which in a prismatic 
powder is the difierence between the radius across the flats 
and the radius of the central hole. As these grains fit close 
together in the cartridges, the first ignition is almost confined 
to the surface of the central holes, but as soon as the projec- 
tile moves, the grains separate, and then the whole surface 
becomes ignited. It is probable that this takes place before 
any considerable proportion of the charge is burnt, and if so 
the duration of t will only be very slightly afiected, in other 
words, the actual value of t will be slightly greater than 
given by the previous methods of calculation. 

327. The value of/ for prismatic brown powder and cocoa 
powder will probably diflFer from that for the black powders. 
The value of/ is given (§ 106) by the relation 



/ = 



_ JPo % Tc 



273 



If then the values of t^ and t;o as given in (§ 87) and (§ 79) 
be admitted we should have for pebble powder 

. 1-033 X 278-3 X 2230 ..,. 
•^= 273- = ^^^^' 

and for cocoa powder 

. 1-033x198x2390 _.^ 
/= 273 = ^^^^ • 
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Consequently, the value of/, as compared with unity adopted 
by M. Sarrau, will be for cocoa powder 

1791 ^^.„ 
^ ^ ^349- = '^^^^' 

328. If this be so, it would appear, that all other conditions 
being the same, the velocity with cocoa powder will be 
87 • 32 per cent, of the velocity, with a like charge of black 
powder of the same size and form of grain. 

In order, therefore, to obtain the same velocity, it will be 
necessary to increase the charge, and as the velocity is pro- 
portional to the f th power of the charge, the charge of cocoa 
powder would be to that of black powder, as 1 '437 to 1, or 
an increase of 43*7 per cent. 

329. These remarks must be taken with great reserve, as 
the actual facts with regard to the temperature of combustion 
of cocoa powder are very imperfectly known. 

330. The characteristics a and /8 have been carefully 
determined for the French powders, so that, by means of 
M. Sarrau's formula, the ballistic results may be predicted 
for any gun of which the dimensions, the conditions of firing, 
and the powder, are known. 

331. In one of M. Sarrau's works is given a table showing 
the results of actual firing compared with those of calculations 
made by the Binomial formula for slow powders, from eleven 
different guns, varying from 12 '2 to 3*7 inches calibre, with 
eleven different powders, varying from 13 grains to 800 
grains to the lb., or from about \ inch cube to IJ inch cubes, 
and with gravimetric densities varying from 0*627 to 
1 • 040. 

Out of 40 rounds where the initial velocities varied from 
860 to 1960 feet per second, 20 rounds averaged by calcula- 
tion, 11 feet per second below, 14 rounds 12 feet per second 
above, and 6 rounds exactly agreed with the observed 
velocities. 

332. Again, calculating by the Monomial formula for quick 
powders, he gives a table of 81 rounds fired with ten different 
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powders, from fourteen guns of diflTerent calibres and lengths, 
and with velocities of from 1000 to 1960 feet per second, in 
which the calculated velocities were, in 16 rounds, exactly the 
same as, in 42 rounds averaged 12 feet per second below, and 
in 23 rounds 11 feet per second above the observed velocities. 

333. Equally satisfactory were the results of the formula 
for pressure. Out of 19 rounds, fired with different powders, 
from guns ranging from 3*2 to 9*2 inches calibre, and 
when the actual observed pressures varied from 8 to 17 
tons per square inch, 2 rounds gave an average of 0*19 tons 
per square inch in excess, 10 rounds gave an average of 0*47 
tons per square inch below, and 7 rounds gave exactly the 
observed pressures. 

334. Moreover, M. Sarrau's formulse enable us to solve the 
following problems : — 

(a) Given, the calibre, weight of projectile, initial velocity, 

and maximum pressure on breech, 
To find, the length of travel of the projectile, the 

weight and gravimetric density of the charge with 

any given powder. 
Q>) Given the initial velocity, maximum pressure, and 

" Characteristics " of the powder, . 
To find for guns of any calibre, the internal dimensions, 

the weight and gravimetric density of the charge, 
(c) To determine the " Characteristics " of any powder. 

335. These are the chief problems of internal ballistics and 
by their aid guns may be designed to give any required 
ballistic results or vice verm^ the ballistic results may be 
predicted for any given gun with any given powder. 

336. Unfortunately, not only are the formulsB themselves 
generally unknown in this country, but the ** Characteristics " 
of our powders have not been determined. 

337. From such limited data as have been at my disposal, 
I have calculated the " Characteristics " for the powders given 
in the following tables, which, however, must be taken 
with great reserve until they have been more accurately 
determined. 
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338. It is especially with regard to brown prismatic powder 
that the above figures must be taken with reserve, as the 
data in my possession are very scanty, and there is an addi- 
tional source of uncertainty regarding the value of /, as the 
composition of these powders differs from that of the black 
powders. 



Similitude of Ouna. 

339. Guns are termed similar when their lineal dimensions 
are in the same proportion, and they are said to be similarly 
loaded when the weights of the charges and projectiles are as 
the cubes of the calibre, and when the grain of powder has 
the same form, is of the same composition, and has its least 
lineal diameter proportional to the calibre. 

340. Under these circumstances, the initial velocities and 
maximum pressure will be the same in all such guns. 

341. The truth of this proposition follows from an exami- 
nation of the formulae (13) and (15) and it would be rigorously 
exact, except for one cause. The loss of heat from the absorp- 
tion by the walls of the gun is proportional to the square of 
the calibre, and not to the cube, and as it may be considered 
as a reduction in the value of the charge, it will clearly be 
relatively greater in small charges than in large ones. The 
total amount is, however, not very great, and therefore the 
general principle of similitude may be considered as true, 
with the reservation that it is not desirable to apply it to 
guns differing very largely in calibre. 

342. It is worthy of remark, that in the construction of 
guns, and especially of Wire guns, as is shown by the formula 
given in my 'Treatise on the Application of Wire to the 
Construction of Ordnance,' the same principle of similitude 
exists, so that the dimensions and laying-on tensions will be 
similar in a gun of 12-inch calibre, to those of a gun of 
9 inch or 6 inch. 

343. In speaking of the laying-on tensions being similar, it 
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must be understood that the tensions of laying on are the 
same, at similar radii. For instance, if we have two guns of 
calibre c and Oi and if Ci = m c^ and if the tension at p be ^ in 
the first gun, then the same tension will be applicable at a 
radius m p in the second, and the strains in the two guns under 
fire and at rest will be the same when the guns &re similarly 
constructed and similarly loaded. 
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CHAPTER IV. 

INTERNAL BALLISTICS IN RELATION TO GUN 

CONSTRUCTION. 

344. In the preceding chapter, attention has been chiefly 
directed to the action of powder in giving velocity to the 
projectile, and to the various phenomena presenting them- 
selves during its combustion in a gun. It is now necessary 
to examine more particularly into its action upon the gun 
itself. 

345. To deal safely with the very high pressure of gun- 
powder, guns of great strength are required, and various 
systems of construction have been proposed and practised, 
but of late years, most gunmakers have sought to reduce 
the strain upon the gun by the use of powder of such 
a nature and character, as to give rise to comparatively 
small pressures, making up for the loss of ballistic effect by 
increasing the weight of the charge and the length of the 
gun. They have sought rather to weaken the powder than 
to strengthen the gun. 

346. Colonel Brackenbury, then Superintendent of the 
Eoyal Gunpowder Factory, in a lecture read by him at the 
Royal United Service Institution in 1884, put the matter 
very well in these words : " We constantly hear that a gun 
has been produced which will do this or that, yet it is not the 
gun which does it, but the gunpowder. The gun is only a 
tube to concentrate the action of the powder and guide the 
projectile. There is not a single gun actually adopted for 
service in any country which is not, by its weakness, a 
hindrance to the full action of the * Spirit of Artillery/ 
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When gunmakers say, as they frequently do, that their guns 
will produce a certain effect, * provided that a suitable powder 
be found for it,' they mean * provided that the strength of 
the powder be restrained, cribbed, cabined, and confined, 
to suit the weakness of the gun.' We sometimes see in 
human life a great and strong spirit tear to pieces a feeble 
frame which contains it, and we do not say ^ What a pity that 
the spirit is so strong,' but rather, * How sad that the body is 
so weak.' 

'^In the case of artillery we are always subduing and 
taming the spirit instead of strengthening the body. This 
may be necessary under existing circumstances, but if so, 
the circumstances are unfortunate and stand in the way of 
getting the most value out of the * Spirit of Artillery.' " 

A great deal has been said of recent years about the 
great improvement in powder, and it is held that this 
consists chiefly in its slow burning, and that still further 
improvements may be looked for in this direction. Indeed 
General Maitland, a few years ago, was so enamoured with 
this view of the subject that he said,* " We find in the struggle 
for existence, the guns growing longer and longer to get the 
best effects from the slow powder, while the powder tends to 
grow slower and slower to meet the wants of the guns, in 
accordance with the eternal principle of evolution ; " and so 
impressed was he with this view, that he said further, " A 
low maximum pressure long sustained is the great desidera- 
tum of the artillerist, and no one will attain any measure of 
ballistic success who fails to recognise this fundamental 
maxim." 

Again, Captain Noble, of Elswick, in a lecture at the Insti- 
tution of Civil Engineers in April 1884, said, " When I add 
that with a given weight of gun a higher effect can be 
obtained, if the maximum pressure be kept within moderate 
limits, I trust I have said enough to vindicate the correctness 



♦ Lecture at the R. U. S. Inst, on the Heavy Guns of 1884, 20th June, 
1884, by Colonel Maitland, R.A. 
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of the course which the gunmakers of the world have, so far 
as I know, without exception followed." 

347. Now if by *' moderate limits " Captain Noble means 
a maximum pressure of about 17 tons per square inch, 
I would observe that the "moderation" must have refer- 
ence to the strength of the gun, and I have no hesitation 
in saying, that, by the use of steel wire, a gun may be made 
with the same margin of safety ^ under a pressure of 30 tons, 
as a forged steel gun of the same weight under a pressure of 
17 tons per square inch, and that the same ballistic effect 
can be obtained from the wire gun with a much less charge 
of powder. 



Bmstance to Bursting Strain. 

348. M. Sarrau's formula enables us to determine the 
maximum pressure Pq in a gun of given calibre, with a 
given charge and a required initial velocity. 

By the Binomial formula, applicable to slow, i. e. large- 
grained powders, it appears that as regards the first term, the 
velocity increases directly as the square root of r, whilst in 
the second term, which is subtractive, it varies inversely as 
the 7 power of r, so that the effect of increasing r is to 
decrease both terms, but the second, which is subtractive, 
more rapidly than the first, whilst by the Monomial formula 
the velocity increases inversely as the one-eighth power of t. 
Consequently with the same weight of charge the velocity 
must always be less for a greater value of r, that is to say 
for a large-grained powder, and the velocity must be made 
up by an increased weight of charge, or by a greater length 
of gun. 

349. As regards the maximum pressure, it increases as 
a^ i. e. as t, consequently the increase of pressure is 
relatively greater than that of velocity. 

But the maximum pressure is only limited by the safe 
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resistance of the gun, and therefore it is clear that the 
highest ballistic effect must be obtainable from the strongest 
gun, whilst at the same time the gun (if a wire gun) need 
not be strained relatively more than the weaker forged steel , 

gun. 

350. M. Sarrau has shown that there is a difference, which 
may be very considerable, between the maximum pressure 
against the breech and that against the base of the pro- 
jectile, and according to his formula 



and 



Ko a^ A W^ w^ 



where Po and P are the pressures in tons as per square inch 
on the breech and base of projectile respectively ; 

A, the gravimetric density ; 

c, the calibre in inches ; 

w and W, the weight of charge and projectile respec- 
tively ; 

Ko, and K, constants ; 

a, a factor depending upon the nature and form 
of grain of the powder. 

Consequently the maximum strain on the powder 
chamber, determined by the formula 

_ Kq g^ A W^ w^ 

(where K© = 7 • 956), is the strain to be provided for at the 
breech end of the chamber. 

851. The strain P is not the strain against the base of the 
projectile in its original position, but the strain when the 
projectile has moved a certain distance at which the maximum 
is attained. 

This distance is not accurately determinable, but it may 
be approximately found as will hereafter be shown. It ie 
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small in quick-burning powders, but may be considerable in 
other cases. 
352. The curve showing the maximum pressure is there- 



fore of the following form : — 




^-Chamber ^—S-^..P- ^— Cfictse^ - 



? 



A B is the powder chamber ; B, the position of the base of 
projectile before it moves; C, the position at the time of 
maximum pressure on its base ; F^ is the maximum pressure 
at A ; P, the maximum pressure at 0, The exact form of the 
curve between P© and P is not known, but for practical 
purposes it may be taken as a straight line, and the strength 
of iJie gun between A and C must be calculated according to 
the pressure denoted by the ordinates at each point. 

When the projectile has reached x, the pressure on its 
base will have fallen, and may be denoted by the ordinate 
xift and it is probable that the pressures behind this part 
will approximate to the dotted lines drawn through y paxallel 
to ae. 

The strength of the gun between C and D must be cal- 
culated at each point such as x with reference to the 
ordinate xy at that point, and if the form of the curve eyd 
be known, the solution of the problem as regards the 
strength of the gun to resist bursting strain is easy. 

353. There is considerable difference of opinion among 
artillerists respecting the form of the curve representing the 
pressure on the base of the projectile, and the subject is of 
such importance that I will devote a little space to its con- 
sideration. 

354. If-a charge of powder, such as B.L.G.. or even up to 

M 2 
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T, be fired in a gnn with due attention to simultaneous 
ignition, and the products then expand doing work upon the 
projectile, the pressure will rise very rapidly, and will attain 
its maximum before the projectile has moved any con- 
siderable distance. With such powders it is probable that 
the whole of the charge is burnt at the time of maximum 
pressure, and that the work done on the projectile previous 
to that, is but a small proportion of the total work done. 

Subsequent to the time of maximum pressure, the curve 
will be that of a gaseous fluid, expanding and doing work, 
subject, however, to modification by the abstraction of heat 
by the cooling influence of the walls of the gun. Leaving 
out this modification for the present, the equation to the 
pressure curve will be given by Noble and Abel's for- 
mula ; — 






where p is the pressure corresponding to volume v ; 

po, the maximum pressure in a close vessel of volume 

vo fired at gravimetric density = 1 ; 
Cpy the specific heat at constant pressure ; 
C«, the specific heat at constant volume ; 
a, the ratio of the volume of non-gaseous products to 

the volume of the powder or v ; 
I3f the ratio between the weights of the non-gaseous 

and gaseous products of combustion ; 
X, the specific heat of the non-gaseous products. 
The values of these constants given by Noble and Abel are 
Po = 43 tons* per square inch = 6554 atmospheres ; 
a = -57; 
13 ^ 1-2957; 
Q, = -2324; 
0, = -1762; 
X = '45; 

* This is probably greater when the weight of the charge is greater in 
proportion to the surface of the vessel in which the charge is burnt. It may 
also probably be in some degree dependent on the composition of the powder. 



i 
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and the above equation becomes 



"4-4 



0748 



A curve constructed from this formula, I call Noble and 
Abel's curve, and if a point be taken on it corresponding to 
the maximum pressure, the ordinates of this curve beyond 
this point, will represent the pressure on the base of the 
projectile at the moment when the projectile passes these 
ordinates. 

As regards the pressure curve previous to the time of the 
maximum, its equation is unknown, and as has already been 
pointed out when treating of ignition, its determination 
would be of no great practical use. 

355. General Mayewski studied the question from experi- 
mental data obtained at Krupp's works in 1867. The times 
corresponding to the successive passage of the projectile 
through certain points in the chase were measured. From 
these a formula was obtained expressing the space as a 
function of the time. From this by twice differentiating 
the acceleration and moving force were determined. 

856. General Mayewski assumed a formula of the form 

a; = A < + B <* + <* + D <* &o., 

and determined the coefiScients so as to agree with the mean 
results of experiment. 
Then by differentiation, he got 

t, = ^ = A + 2B< + 8C<« + 4D<» 
a t 

and by a second differentiation 

= accel. force = -j|=:2B + 6C< + 12D<». 

The value of t corresponding to the maximum pressure 
was given by the relation 
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Thus he found t = *0018 and a; = 4^ inches^ or the 
position of maximum pressure was after the projectile had 
moved 4^ inches. 

These experiments, however, were only made with a 
4-pounder gun, and with velocities of about 780 feet per 
second. 

357. Captain Noble, of Elswick, made use of a somewhat 
different method. 

He assumed a function of the form of 

and from the observed values of x and t he determined, by 
the method of least squares, the probable value of a, ^, and 7, 
taking for unities xinnr^'^ ^^ ^ second and unn^th of a foot. 
The formula arrived at was 



B 



Pebble Ca? = 3 • 31076 1 1-3^8 + o-766 * - oeasa <• English unities, 
powder \x = 1 

• ^' ^- laj = . 1763 1 3-*2802 - -ft^sae t + -000245 <• French unities. 



powder Ix = V 0091 1 1*^^® + «»«« * - '^^^ *' French unities, 
jc = -57837 <3-42802- -02336 1+ -000246 *« English uuities. 



858. Then by differentiation, the velocity and accelerating 

d?x 
force are determined. If this latter be ^ = ^- this is the ac- 

celeration for nnnr^l^ o^ ^ second, therefore the acceleration 
is 1000 0, and if W be the weight of projectile and P the 

W 

total pressure over the base, P = — 1000 ^. 

9 
From this formula curves have been constructed showing 

the velocity and pressure during the early part of the motion 

of a projectile of 300 lbs. fired from a 10-inch gun, with 

charges of 70 lbs, P and 60 lbs. E.L.G. respectively, and it 

is said that these curves represent very approximately the 

actual results obtained. 

They show that whilst the maximum pressure is acquired 

with B.L.G. in * 001 of a second, and when the projectile has 

moved about • 05 of a foot, in the case of the P. powder, the 

time was about • 0044, and the distance moved • 45 of a foot. 
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359. With the prismatic powders now used in large guns, 
the projectile moves relatively much further before the maxi- 
mum pressure is attained, and it is this increase of space 
chiefly that is the cause of the low maximum pressure with 
such powders. 

The form of the curve behind the point of maximum 
pressure is however of minor importance. What is required, 
is to know at what point the maximum pressure is attained, 
since at that point must be the greatest strength of the chase. 

For practical purposes it is sufiScient to assume that Noble 
and Abel's curve represents the superior limit of the 
pressure. If then the maximum pressure on the base of 
the projectile be calculated by Sarrau's formula, the point 
on the curve corresponding to the pressure will give the 
position of maximum pressure, aud the curve from that 
point forward to the muzzle will give the limiting values of 
the maximum pressure in the chase. 

360. The following is the method of applying the pre- 
ceding observations to practice. 




Let C A represent the equivalent length of the chamber 
of a gun, that is to say thB length of a cylinder of the same 
diameter as the bore of the gun and the same capacity as 
the actual chamber, and let A B be the length of the chase, 
or the travel of the shot. Then the maximum pressure will 
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be in the case of the chamber being filled at gravimetric 
density = 1. 

Then, if the projectile be immovable and the charge fired 
the pressure will be, according to Noble and Abel, about 
43 tons per square inch. Make A F the ordinate at A equal 
to 43, and then dividing AB into expansions of which AC 
is the unit, set off along it ordiuates such as D E, T Yi, B C, 
representing the corresponding pressures as given by Noble 
and Abel's formula. The curve F E Yj C is what I call Noble 
and Abel's curve- 
By Sarrau's formula calculate Po and P, and set off Ci = 
Po, and take the point E on the curve corresponding to P 
and join Ci E. Then C E Yi G is the curve of maximum 
pressure, and its ordinates give the values according to which 
the strength of the gun must be calculated, so far as regards 
bureting strain. 

361. I do not assert that the actual pressures in the gun are 
those shown by the curve, but that the curve gives the supe- 
rior limit, and is consequently a safe guide. The actual 
pressures in the chase will always be less than those shown by 
the curve, as there is always a loss of pressure due to the 
cooling influence of the walls of the gun. 

362. There is, I think, considerable misapprehension on 
this point, to which it is necessary to allude. 

Owing, probably, to accidents which have happened to long 
guns firing large charges of prismatic powder, it has been 
assumed that the pressures in the forward part of the chase 
are much higher with slow than with quick-burning powder, 
and this is said to be due to the continued burning of the 
powder all, or the greater part, of the time the projectile is 
in the gun. 

There is no doubt that at times this does take place, 
and that in some cases a considerable portion of the charge 
is blown out of the gun unburnt, but this is bad ballistic 
practice, and I have already shown when treating of the 
ignition and combustion of powder, that in every case of slow 
continuous burning, the pressure at any point before the whole 
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charge is consumed^ must be less than the pressure at the 
corresponding point in Noble and Abel's curve. 

No doubt the pressures in the forward part of the chase are 
much greater now than they were in the days of quick powders 
and shorter guns, but this is entirely due to the enormously 
increased charges, whereby eyen a yery long gun becomes 
virtually a short gun, that is to say, a gun of few expansions, 
and it has nothing to do with the rate of burning of the 
powder, which only affects the maximum pressure in the 
vicinity of the chamber. 

363. This matter is so important, that, at the risk of 
repetition it may be well once more to explain it. 

Let A C represent the charge of powder fired at gravi- 
metric density 1, and A B the length of the chase, and F E FiG 
Noble and Abel's curve, as before described. With a quick 




powder, the whole of the powder would be burnt when the 
projectile arrived at D, and the maximum pressure would be 
represented by D E, and the pressures corresponding to the 
motion of the projectile from D to B would be represented by 
the ordinates of the curve E G. 

With a very slow powder, the whole of the charge might 
not be burnt till the projectile had arrived at F when the 
pressure would be F Fi exactly the same as the pressure from 
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the quick powder at the same point. Consequently the 
pressure on the chase between F and B would be the same in 
both cases. It does not follow that FFi would be the 
maximum pressure with the slow powder. That might be at 
a point K where the increasing evolution of gas was exactly 
balanced by the increasing space behind the projectile^ but at 
this point, and at every point between K and F, the pressures 
must necessarily be less than with the quick powder for the 
simple reason that there is a less quantity of powder gas in 
the same space. 

364. It follows, therefore, and this is the important point as 
regards gun construction, that with equal charges the pressures 
from slow powders must generally be less, and can never be 
greater than from quick powders, and that consequently 
Noble and Abel's curve is a safe guide to the gun constructor 
as far as the bursting strain is concerned. 

865. Since the ordinates of the pressure curves as derived 
from Noble and Abel's curve, represent the pressure per 
square inch on the base of the projectile, the area of such 
curves multiplied by the area of the base of the projectile 
will give the energy of the shot, and if there were no loss by 
cooling and nothing expended in the friction and expulsion 
of the gases, &c., the muzzle velocity would be obtainable 
from the formula 



-w 



2^E 



W 



366. The actual pressure curve as regards the projectile 
may be obtained from Sarrau's formula for initial velocity ; 
for if V be the initial velocity ; 

<t> the accelerating force, 
W the weight of the projectile in lbs., 
(o the area of its base, 
I the travel of the projectile, 

-IT- =*' 



INTERNAL BALLISTICS. 171 



and if P^ be the pressure per square inch 



W 

Po = . <^; 

f^ g 



or in tons per square inch. 

W 

Now by Sarrau's formula 

or V = a^*(l-6?^) 

from which we get the acceleration 

<A = --jT- = l-25anZ* + IaH^Z* 

and therefore the pressure in tons per square inch 



P« = 



2240 0)^1 ji 5 



Now in Sarrau's formula adapted to English unities (§ 324) 
A = 2-56634 andB = - 2-30964; but since g is in feet, 
I must be taken in feet, or 12 I must be substituted for I in 
the formula, therefore 

(Wc)^ ^ 

are the constants to be used in the equation for ^ when the 
length is taken in feet. 

367. As a first application of the formula I take the case 
of the 6-inch gun built by Messrs. Easton and Anderson from 
my design, and fired at Woolwich 25th April, 1888, with 
100 lbs. projectile and 34 lbs. powder P. gravimetric density 
= 1. 
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Here 

log a = • 21316 log jS = - 1 • 93843 

c = calibre = 6 inches 
W= 100 

from which we find 

a = 1169 and 6 = . 1023 

.-. V = 1159S«118Zi 

and making Z = 10 ' 66 the total travel of projectile we find 
V = 1875 feet per second, which was very nearly the 
observed velocity. 

368. For the pressure per square inch at any intermediate 
part X we have, making I = x 

|)= 1 8-443aj*+-604a?*. 

From which the curve in the following diagram (Fig. 1) 

has been obtained. ^ 

The pressures calculated from Sarrau's formulas (17) and 

(15) are 

Po = 26*20 tons per sq. i&ch. 

P= 17-70 „ 
the latter corresponding to a travel of Projectile of 1 J inches. 

The actual pressure given by the crusher gauge was about 
25 tons per square inch. 

The area of the curve is 83 * 3, which multiplied by 28 
the area of the projectile gives the energy 2332 foot-tons, 
therefore 

/ 2332 X 64-4 x"22r0 
Y = /^^ jjwj = 1834 feet per second, 

which agrees very nearly with the calculated and the 
observed velocities. 

369. The upper dotted line in the diagram shows the 
pressure curve according to Noble and Abel's formula, and it 
will be seen that it is throughout higher than the curve from 
Sarrau's formula. Taking the area of the upper curve as 
representing the total energy, that of the lower one the 
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energy expended on the projectile in giving velocity, it will be 
found that the latter is about 76i per cent, of the former, 
showing that about 23 J per cent is expended in expelling the 







gases, friction, &c., which, sjb will be seen in the last chapter 
of this book, is probably very near the truth. 

370. As a second example I will take a 10-inoh gun with 
a projectile of 600 lbs. and charge of 300 lbs. prismatic brown 
powder. 
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In this case 








c = 


12 inches 




Z = 


22*5 feet 




VJ = 


300 Ihs. 




W = 


500 Ihs. 




log a = 


- 1-98821 




„ P = 


- 1-26761 


and we find 







V = 752Zl- 19-17 Zi, 
and when Z = 22 * 5 

V = 2125 feet per second, 
The actual velocity ohserved was 2100 feet per second. The 
equation for the pressure is found to be 

» = ?^^-l-6Z*+ -0289 Z*, 
Z* 
from which the following diagram (Fig. 2) is obtained. 

The maximum pressures calculated by Sarrau's formula are 

Po = 17-80 
P = 10-50. 

The pressure by the crusher gauge was 18 tons. The energy 
calculated from the curve is 15,040 foot-tons, which corre- 
sponds to a velocity of 2088 feet per second, which was very 
nearly the observed velocity. 

371. The upper dotted line shows the curve jfrom Noble 
and Abel's formula for pressure. It will be observed that 
towards the muzzle it falls slightly below the other curve. 
This is no evidence against the truth of Noble and Abel's 
curve. It arises from the value assumed for the index ^in ^ ^ 

(§ 192) being a mean value approximating from the ordinary 
conditions of fire ; and when the weight of charge was about 
^rd of the weight of projectile. The formula is therefore 
only approximate under the conditions of the second example 
when the charge was f ths of the weight of projectile. This 
leads to a change of the form of curve, although it does not ^ 

appear to cause any important error in its total area. Calcu- 
lating the energy from the curve it is found to be 18,533 
foot-tons, so that in this case the percentage of energy spent 
on the projectile is 81*15 per cent., and on the expulsion 

of gases, friction, and cooling, about 18*85 per cent. 

1 
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The useful effect is therefore greater in the large gun, 
which is in accordance with the results of practice, and is 
due chiefly to the loss by cooling being relatively less. 



©1 

d 
1^ 



o 
S 

I 



,^"" 

»^'— ^ 




o 

CO 



— T" 

o 



A ' 
> O 



372. From what precedes it is evident that the pressures 
of Noble and Abel's curve are quite sufficient to give the 



176 INTERNAL BALLISTICS, 

observed muzzle velocity to the projectile, as well as to 
overcome the other internal resistances and the cooling 
action of the walls of the gun, and consequently a gun 
whose strength at each portion of the chase corresponds to 
these pressures, and to the maximum pressure in the 
chamber as determined by Sarrau's formula, will always be 
a safe gun as regards the bursting strain. 



Longitudinal Strain, 

373. There is, however, another strain to be provided for, 
the Longitudinal Strain. 

So far as I know, the only longitudinal strain which has 
been considered important by artillerists and gun-makers is 
the strain between the breech and the trunnions. 

The maximum value of this strain is at the obturator 
and if the gun be supposed to be fixed at the trunnions so as 
to have no recoil, the amount of this strain is P^ q> where Pq 
is the maximum pressure and co the sectional area of the 
chamber, and in the case supposed of no recoil, the same 
strain extends to the trunnions. 

If, however, the gun is free to recoil, the strain will be 
gradually diminished by the force required to give acceleration 
to the mass behind the point at which the strain is calculated, 
and in this case the strain will be one gradually decreasing 
from the obturator to the trunnions. 

374. The usual way of dealing with this strain is to assume 
that it is uniformly distributed over the cross-sectional area 
of the gun. This assumption is entirely wrong. The strain 
at the obturator is borne unequally according to some law 
which is not accurately known, but there is good reason to 
believe that it is analogous to the law which governs the 
bursting strain, and that it varies inversely as the square of the 
distance from the axis of the gun. This being so, the inner 
surface is strained very much more than the average strain 
on the whole cross-section. 
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For many years this was disregarded by gun-makers, and 
the evil was aggravated by throwing this strain directly on 
the inner tube of the gun, and from that to the breech coil 
or jacket, through which again it was carried to the trun- 
nions. The condition was still further aggravated by the 
fact that this portion of the material of the gun had also to 
sustain the bursting strain. There were consequently two 
conjugate strains, each of great intensity at the inner surface 
each to be borne by the same material. 

375. So long ago as 1860 I drew attention to this, and 
advocated the entire separation of these strains, but no 
regard was paid to the matter, and it is only within the last 
four or five years that my views have been partially adopted 
in breech-loading guns by making the breech screw take 
into the jacket instead of as before into the tube. This is, 
however, a very partial improvement, inasmuch as owing 
to the thinness of the inner tube at the breech end, the 
jacket has to resist a very heavy bursting strain. 

376. My opinion has always been that the whole of the 
bursting strain should be exclusively borne by the tube and 
its reinforcement, and the whole of the longitudinal strain 
exclusively by the jacket ; and in my very first paper in 1860 
I showed how this might be done in the case of wire guns, and 
yet till within the last few years it has been persistently 
asserted that this was the greatest difficulty as regards the 
construction of wire guns. The fact that 1 had shown how 
the longitudinal strain was to be provided for, that I had 
OGtuaUy done it in a gv/n of which the inner tube was of cast 
iron and only half an inch thick, was quietly ignored, and it 
is still constantly asserted that the great difficulty in wire 
gun construction is to provide for the longitudinal strain. 

It has been said by some that my system involves extra 
weight, that the jacket forms a considerable part of the 
weight of the gun, and that therefore its material ought to 
be utilised in increasing the resistance to bursting strain, 
just as if the material would resist the action of two conjugate 
strains of equal amount to its tensile strength ! 

N 
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When the strains are kept separate, the precise amount of 
each being known, the provision by distinct members is 
accurately determinable, but when they are mixed up so as 
to act conjointly oq one and the same mass of material, as at 
the breech end of a gun, the problem is exceedingly difficult, 
and perhaps practically insoluble. 

The principle of the separation of the two strains is 
therefore, in my opinion, one of primary importance. 



Longiivdinal Strain he/ore the Trunnions, 

377. The longitudinal strain between the trunnions and 
the muzzle does not appear to have been considered of much 
importance, and yet of late years many cases have happened 
in which a portion of the chase in front of the trunnion has 
been fractured. 

378. For instance, the 12-inch " Collingwood " gun, which 
on 10th May, 1886, blew away about 8 feet of the front or 
muzzle end of the chase. 

A Committee of Investigation was appointed, consisting 
of the Ordnance Committee, with whom were associated the 
Superintendent of the Eoyal Gun Factory and members of 
the Elswick and Whitworth Ordnance Factories. After a long 
investigation they concluded that the accident was due to — 

1st. Want of uniformity in the metal. 

2nd. Absence of annealing after forging and hardening, 
and resulting internal strains. 

3rd. Intensification of such strains by firing at proof, and 
further self-development during the interval of eighteen 
months between firing at proof and the accident. 

4th. The want of chase-hooping. 

They recommended that in these and all other guns of 
6-inch calibre and upwards the chambers should be reduced, 
the service charges reduced, so that the maximum pressure 
in the chamber should not exceed 15 tons per square inch, 
and that the chase should be hooped all along to the muzzle. 

379. From these recommendations it would appear that 
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the investigatiug Committee had nothing in their minds 
beyond the bursting strain, nor does their report allude in 
any way to any longitudinal strain as causing or contributing 
to the cause of the accident. 

380, In designing the 6-iDch 
wire gun which was made for the ^- — — — 
GoTernmeut by Messrs. Eastou & 
Anderson, and which blew o£f the 
muzzle-ring on 25th April, 1888, 
when fired at Woolwich with 34 lbs. i 

P. powder and 100 lbs. projectile, I j 

had certainly under-estimated the j 

longitudinal strain in front of the i 

trunnions. | 

A rough sketch of this gun is I 

given in the annexed diagram. The j 

inner tube, which was of Whitworth i 

compressed steel, was 1 ' 6 inch ■ 

thick at the breech and up to : 

the trunnions, and then gradually ■ 

tapered to 1 ■ 1 inch at the muzzle. ! 

The wire coil was 2^ inches thick 
over the parallel part of the tube 
and tapered down to i^ inch at the 
muzzle end, where it was covered I ^ 

by a thin gun-metal hoop about { 1 

4 ioches long and f inch thick, j | 

very lightly slirunk on. The wire I J 

coil was supported at the breech [ _ 

end by a Bteel flange screwed on to g 

the tube in the manner described | & 

in my patent of 1885. The outer 
diameter of this flange exactly 
fitted a parallel seating bored out 
in the jacket at that end, but ex- 
cepting there and at the gun-metal 

hoop at the muzzle end there was a vacant space between 
it and the jacket of about f inch. From this it will 



\ 
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be seen that the tube and coil were entirely free to move 
longitudinally in the jacket. 

The jacket was of cast iron, and at the muzzle end a steel 
ring was screwed on, which had a deep flange projecting 
inwards, against which the steel tube and coil abutted. It 
was this flange alone which prevented the tube moving 
forward, and consequently any longitudinal forward force 
acting on the tube was borne by this flange, and thus trans- 
mitted to the jacket at the point A. 

At the breech end of the tube, and between it and the 
breech ring screwed into the jacket, were six set pins, kept 
up against the flange of the tube by Belville springs, with 
a forward strain of three or four tons, so that whilst the tube 
was always kept up to the flange at the muzzle it was free 
to expand backwards against the springs. 

The breech block, it will be seen, is entirely independent of 
the tube and coil, so that the bursting strain is entirely 
provided far by the tube and coil, and the longitudinal 
strain by the jacket. 

381. In designing this gun I did not lose sight of the 
fact that a considerable longitudinal strain would be thrown 
on the jacket between the muzzle and the trunnions. In the 
first place there was the pressure of the powder gases on the 
difference of area between the chamber and the chase, about 
1^ square inch. Then there was the friction of the projectile 
on the grooves, or rather its resultant in the direction of the 
axis of the gun, and lastly, there was the inertia of the 
tube and wire coil which had to be set in motion backwards 
as the gun recoiled. The whole of these strains I had calcu- 
lated and amply provided for, and yet when the gnn was 
fired the jacket was torn asunder at the point A, and the 
steel muzzle ring projected violently to the butts. 

882. The sectional area of the jacket at A was 55 * 8 square 
inches, and the test pieces cut from it gave a tensile strength 
at rupture of 16 tons per square inch. If, however, only one- 
half of this be taken, the rupturing force must have been 
446 tons. As will be shown hereafter, the utmost strain 
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that could arise from the sources above mentioned would not 
exceed 284 tons, leaying a force of at least 162 tons to be 
accounted for. 

Where did this force come from ? On examining the gun 
and projectile it was found that there had been no jamming, 
in fact the projectile had been passed through the gun by 
hand previous to firing, and when fired it went straight to 
the butt, with a velocity of about 1870 feet per second, the 
full velocity calculated for the charge of 34 lbs. P. powder. 
The tube was uninjured, but it had moved bodily forward 
nearly an inch in the jacket. It was therefore evident that 
it was the forward motion of the tube which ruptured the 
jacket, and that that forward motion relative to the jacket had 
brought into play a force of at least 446 tons, of which I 
could only account for 284. 

883. After a little consideration I came to the conclusion, 
which subsequent examination of the subject only confirms, 
that a very important forward longitudinal strain, hitherto 
altogether unappreciated, was caused by the friction of the 
products of combustion against the inner surface of the tube. 
So strong was my conviction of this that a few days after the 
accident I wrote to the War Office proposing that the gun 
should be sent back to the makers to be repaired, and that I 
should have an interview with the Ordnance Committee to 
explain to them my views and reasons, before they reported 
on the accident* I also suggested that experiments, the 
nature of which I was prepared to explain, should be made 
to set the question at rest, which was the more desirable, 
inasmuch as it appeared to me to have an important bearing 
on the future of the Collingwood and other guns. 

No notice was taken of my letter. I was not allowed 
to see the Ordnance Committee, but after about two 
months, having heard privately that they had reported 
on the accident, I wrote again to the War Office, asking 
what was going to be done with the gun, and that I might 
have a copy of, or be informed of the reasons given by 
the Ordnance Committee for the accident in their report. 
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The reply to this was that no further experiment would be 
made with the gun, and that the report was a confidential 
document, and I could not be allowed to know its contents ! 
I have, however, learnt that the Ordnance Committee 
entirely rejected my view regarding the friction of the 
products of combustion, and I have no reason to suppose 
that my suggestion of experiments being made is likely to 
be entertained. 

384. Under these circumstances, and with a deep conviction 
of the importance of the question, I now submit the following 
investigations, not as a solution of the problem, but in the 
hope that it may be the means of directing the attention of 
others to the subject, who may be much more competent to 
deal with it than myself, and who may have the means of 
undertaking such experiments (which are not of a diflBcult 
nature), so as to ascertain practically what is the real effect 
and amount of the friction of the products of combustion on 
the surface of the chase of a gun. 

385. In the first place I will make a few brief remarks, 
which will perhaps be admitted to contain frima fade 
evidence that the amount of this friction may be very con- 
siderable. 

386. The erosion of guns is the work of the products of 
combustion. These products are not altogether gaseous, a 
large proportion is generally admitted to be liquid in a very 
diffused state, but however this may be, there is no doubt that 
the mixed products do actually cut away particles of solid 
steel as though they themselves were solid This cannot be 
done without exercising a forward force upon the exposed sur- 
faces, because these products are themselves moving forward. 

387. Let the gim be considered at the moment of maxi- 
mum pressure. At this moment the projectile will have 
moved forward about 10 inches. The surface exposed would 
be 636 square inches, and the pressure 25 tons per square 
inch. There is therefore a mass of mixed gases and liquid 
pressing on a surface of steel, with a pressure of 20,900 tons. 
At the breech end the mixed mass is at rest, but against the % 
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projectile it is moving with the velocity of the projectile. 
The mean velocity of the mass is about 318 feet per second, 
so that there is a mass of gases and liquid pressing with a 
force of 20,900 tons against the surface of the bore, and at 
the same time moving forward with a mean velocity of 318 
feet per second. 

Take, again, the moment when the projectile is leaving 
the muzzle. The surface exposed is 3040 square inches, and 
the mean pressure about 5 tons per square inch. There is 
therefore a mass of matter moving with a mean velocity of 
937 feet per second, and with a pressure of 15,200 tons. 

Setting aside the effect of velocity, a coefiBcient of statical 
friction of 1 in 50 would give a forward strain of 418 tons in 
the first case, and 304 tons in the second. 

888. It has been objected to this view of the question 
that it involves the existence of shearing resistance in the 
mixture of gases and liquid, and that such is incredible. 

Why is it incredible ? Is there not a continuous grada- 
tion of properties in various forms of matter? Why should 
there be a breach of the law of continuity in this case ? The 
products of combustion are a mass of material particles, so 
are solids. The difference is, that the relations of cohesion 
and adhesion of the particles inter se vary very much in 
degree. 

Gases are reduced to liquids by cooling and mechanical 
force. Liquids are changed to solids by the abstraction of 
heat, and the point of liquefaction is altered by pressure. 
Solids by pressure are made to flow like liquids. 

Why then should there be no possibility of a shearing 
resistance in the products of combustion ? — differing, of course, 
greatly in degree from that in solids, but yet quite sufficient 
under the circumstances of interior pressure in a gun to make 
the coefficient of friction of very appreciable magnitude. 

389. Another objection has been taken on the ground 
that in a long gun the amount of this force might equal, or 
possibly exceed, the backward force in the breech, and that 
therefore the gun should not either recoil at all, or recoil 
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forwards. Either case is quite possible, and, in fact, obser- 
vations tend to show that in some cases the recoil is actually 
prevented until the projectile leaves the muzzle. 

390. In an interesting paper by Mr. H. J. Butter, of the 
Eoyal Gun Factory, Carriage Department, read at the Insti- 
tution of Civil Engineers, 22nd November, 1881, it is stated 
that " From results obtained by instantaneous photography 
in connection with the firing of a 25-ton gun, using E.L.G. 
powder, it was shown that the shot was just clear of the 
muzzle before the gun moved. More recently it was ascer- 
tained by electricity that, in the case of the 6-inch B.L. gun 
using pebble powder, the shot was within 2 inches of quitting 
the muzzle when the first movement of the gun occurred." * 

391. Now, if there were no opposing force, there could be 
no doubt that the gun would begin to move very nearly at 
the same instant as the shot, and setting aside the friction of 
the carriage in the slide, on the one hand, and the friction 
of the projectile on the other, the velocity of the recoil would 
be to that of the shot, inversely as the respective masses 
moved ; and if these be, for example, as 100 to 1, and the 
muzzle velocity 1800 feet per second, the gun must have 
acquired a velocity of 18 feet per second backwards when 
the projectile left the muzzle. But we are informed that in 
reality it had not moved at all. 

392. Again, it is stated by Major Mackinlay, R.A., in his 
* Text-book of Gunnery,' 1887, that " by a French experiment 
it was found that a 24-cm. (9 • 4-inch) gun had only recoiled 
1 • 180 inch during the time that it had taken for the pro- 
jectile to travel all the way down the bore ; the velocity of 
recoil was thus 12*86 feet, and it attained its maximum 
velocity of 17 feet at a period 0*048 second later." In this 
case the gun was a comparatively short one, with a moderate 
charge of powder, so that the efiect of friction in producing 
the immediate recoil was not so great 

* Mr. Butter's statement must be taken with reserve. It is quite possible 
that there are cases in which the gun does not move backwards until the 
projectile leaves the muzzle, but that is not always the case. 
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393. Mr. William Anderson observed that in the case of 
a 10-inch gun fired from a Moncrieff disappearing carriage 
the gun did not move at all till the projectile left the muzzle. 

394. There is therefore, I think, very strong presumptive 
evidence of the existence of important longitudinal forward 
strains between the trunnions and the muzzle, the magnitude 
and perhaps the existence of which have not hitherto been 
suspected. 

395. I now proceed to the investigation of these strains 
as follows : — 

1. Strains due to Inertia of Mass in front of Trtmnions, 

396. Let M = total mass of gun and recoiling part of 

carriage ; 
m = mass of the portion of the gun in front of 

any section at x ; 
B = outer radius of chase at x ; 
p = radius of bore ; 
P = maximum internal powder pressure. 

Then the moving force is P tt p^ = M -^ , and the moving 

force acting at the section at x will be 

fn -.g. dv wi _ - 

and taking the weights W and Wi, and observing that the 
sectional area at » = tt (R^ - p^), we get 

Strain per sq. inch ato; = * 



W (B - p'Y 



2. Foi^ward Strain due to the Differences between the Area of 
the Obturation and that of the Bore. 

397. This is equal to the maximum pressure multiplied 
by the difference of area, and it may be taken up at the 
trunnions, in which case it only acts as easing the recoil. 
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3. Forward Strains due to the Projectile. 

398. This strain is threefold. First, there is the strain 
required to force the rotating ring into the grooves. Its 
amonnt depends, of course, upon the dimensions and material 
of the rotating ring, but it is probably of no great amount, 
and only acts for a short time at the beginning of the motion 
of the projectile, retarding its motion and increasing the 
maximum pressure. Its efifect may therefore be considered 
as included in that of the pressure. 

The next part of the strain is that due to friction. The 
friction of the projectile on the chase considered as a sliding 
friction is simply the weight of the projectile multiplied by 
the coefficient of friction, and is so small that it may be 
neglected. There is, however, the friction arising from the 
reaction of the rifle grooves against the projectile, which 
may be estimated by the well-known formula. 



Strain arising from Friction of Products of Combustion. 

399. There are two hypotheses by which this subject may 
be investigated. 

First, that the resistance due to friction varies directly as 
the density and as the square of the velocity of the 
products. 

Second, that it is independent on the velocity and varies 
directly as the pressure. 

1st Hypothesis. 

400. Let it be assumed that 



2 



B=/^, (I, 
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tlie expressions given by Eankiue and others, where 

/ is a numerical coefficient ; 

8 the density or weight per cubic foot of the powder ; 

8 the surface exposed ; 

V the velocity. 

Unities — feet, tons, seconds; 

< L > 

< X > 

J \ I 

I , « I 

Let L = total length of bore, 

I s=z equivalent length of chamber.- 

X = distance travelled by projectile at any time (. 

y = any intermediate length less than x. 

p = radius of bore. 

C = capacity of chamber. 

w = weight of charge. 

V = velocity of projectile at x. 
V = muzzle velocity. 

For the sake of simplicity I assume that the gravimetric 
density of the charge = 1, and that the powder is a quick 
powder, to which Sarrau's monomial formula is applicable. 

Therefore v a osrvy and 

V 



-va-^r- m 



Assuming that the velocity of the products of combustion 
increases uniformly from zero at the breech to v at the pro- 
jectile, we get the velocity at y 



Oi 



-'(L-^,f-'4-'- w 



which is the value of t; to be used in (1). 
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Now the density at 

^""G'l + y 
and the surface v&2ir pdy^ consequently 



^^-'o'-rh-'-^'^CK-D'e-f)" ci 



and writing 



B for V, 

C . g 

X 



When y = the resistance is that due to the surface of 
the length Z, but then the velocity is zero, therefore 
E = 0, and Constant = 0, and when y = a? 

and when a? = L 

K=/B|i + i.|. (7) 



Second Hypothesis. 

401. Adopting the same notation and making use of 
Noble and Abel's formula, '\i px be the pressure on the base 
of the projectile at any point x 

48 Z 



C-43i) 1-231 



but the pressure at the breech is always greater than that on 
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the projectile, therefore let it be denoted by ap^, then the 
mean pressure 

= l>^-2-- (2) 

The area of surface exposed = 2irpx, and if <^ be the 
coefficient of friction, 

E = 27rp«i>^L+^.0. (3) 

Now 

-./ -dSZ V237 

Now P is a maximum for some value of oj = aji greater than I 
which will be found by the relation 

Where Pi is the maximum powder pressure in the gun, and 
P the pressure in a close vessel = 43 tons, from which we get 

/P\«808 

introducing which value of x into (3) we get the maximum 
resistance 



402. Application to Q4nch Oun. 

lat Hypothesis. 

L = 13 • 33 feet. 

« = 2-833 „ 

P = 0-25 „ 
= 0*551 onbic feet. 



from which 

and by formula (7) 



34 i 

w = 34 lbs. = g^ tons, I 

B ss 6666 
R = 4746/. 
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403. Now, if we take the rupturing force as 446 tons, as 
shown in § 382, we have 

(a) Strain arising from inertia of the "tube and coil, as 
follows : — 

W, = 2 • 27 tons. 
W = 6-5 „ 
P = 25 tons per sq. inch. 
TT p* = 28 sq. inches. 



Therefore, 



Strain = ^^ X 25 X 28 = 244 tons. 
6*5 



404. (6) Strains arising from diflTerence of area ofobturator 
and bore 

= 1-52 + 25 tons = 38 tons. 

405. (c) Forward strain due to projectile. 

In this case the projectile had no rotating band, the 
rotation being given by ribs, and the twist was a uniform 
twist of 1 in 30. 

The coeflBcient of friction n is taken as Jth, and the work 
done to overcome friction would be 

1-737 p'PP 



F^ i 1 1 1 

n •l(-43Zy«»^ (L+-43Z)«^3 



-237 w» ((-dSZ)**^ (L+ •43Z)- 

and since 

p = • 25, F = 25 tons per sq. inch, Z = 2 • 833, 
L = 10-5, «» = 30, « = i, 



we get 
and 



and 



Work done = 15-79 foot-tons 



15-79 , ^^, , 
Mean force = ttt-t = 1*504 tons 

10-5 



Maximum force = -^ — =11*66 tons; 

2m 
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therefore, since n = ^ 



Maximum forward force = — = — = 2 • 332 tons ; 

5 

also 

Sliding friction = g-p22Jo "" '^^^ " 



Total force to overcome friction = 2 * 341 „ 

406. Thus a, h^ e together amount to 284 tons, and as the 
rupturing strain was 446 tons, there remains 162 tons to be 
overcome by the friction of the products. 

Therefore 

R = 4746 /> 162 
or 

/>^>-0341 

407. The coefficient /given by Eankine for ordinary gases 
is '006, therefore it does not seem at all improbable that, 
for the mixed products of combustion, it may be quite 
sufficient to rupture the tube. 

Second Hypothesis. 

408. The value of Xi is found to be 3 '508 feet, and taking 
a = 1 • 25, we get 

1 _L a 
px — s — = ^^^^ *^^^ P®' ^' ^^^^' 

Therefore from (5) 

R = 22310 0, 

and therefore making B = 162 tons 

162 



we get (j> > 



22310 



! or 



<t> > • 00726. 

409. The value of <^ is, of course, different from that of / 
obtained by the first hypothesis, the first being the ordinary 
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coefficient of friction as depending only on pressure, the 
second being a coefficient which varies with the density and 
velocity of the products. 

410. Further confirmation of the longitudinal strain due 
to friction of the product^ is given by the fact that in a 
6-iuch wire gun, made from my designs at Aboukoff, by 
Admiral Kolokoltzoff, the part of the steel tube in front 
of the trunnions, about 8 feet in length, was actually elon- 
gated -^ of an inch after firing 500 rounds. 

This gun differed from the gun which was fired at Wool- 
wich, inasmuch as the greatest part of the forward strain was 
taken up by the jacket a little in front of the trunnions, 
where the sectional area of the jacket (also cast iron) was very 
much greater than that at the muzzle of the Woolwich gun. 
The eight feet of the tube in advance of this was quite free 
to elongate, and there was no force acting on it except the 
friction of the projectile and that of the products of com- 
bustion. 

It could not be elongated by any deformation arising from 
the internal pressure, as the pressure on that part was very 
far below the elastic limit for compression. 

411. The foregoing observations and investigations must 
be taken with reserve, but I think they afiford strong pre- 
sumptive evidence that this hitherto neglected effect of the 
friction of the products has a very important bearing on the 
longitudinal strain on the chase of a gun in front of the 
trunnions. 

The accident to the 6-inch gun referred to in (§ 380), 
was certainly due to a forward force which I am unable to 
account for otherwise, and I think it not only unsatisfactory, 
but very unfair, that I was neither allowed to give my views 
to the Ordnance Committee, nor to see the report which 
they made to the War Office. To treat this report as " con- 
fidential " as between myself and the Ordnance Department 
is not only absurd, but it is unbusiness-like and unfair, and 
it is difficult to understand how such reserve can be bene- 
ficial to the public service. 
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Chamhering. 

412. A good deal of importance has been attached to 
chambering, as if it were a means of reducing the maximum 
pressure in a gun, without affecting its initial velocity. 
This it cannot do. The maximum pressure, cseterts paribus, 
varies as the gravimetric density, wliich has nothing to do with 
the diameter of the chamber. The only effect of increasing 
the diameter of the chamber is to decrease its length for the 
same charge of powder, and of course this decreases the total 
length of the gun, but, as may easily be shown, does not 
decrease its weight. In fact it somewhat increases it, owing 
to the extra size of the breech plug. The muzzle velocity, 
cseterts paribus^ depends on the length of travel of the pro- 
jectile, so that the actual length of the gun is tiecreased 
simply by the difference between the length of the chamber 
and its equivalent length. This decrease of length is doubt- 
less an advantage for naval guns. 

413. There is nodiflSculty in constructing chambered wire 
guns, and I am of opinion that a 12-inch chambered wire gun 
of about 65 tons in weight and 30 feet long, might be made 
with equal power of penetration as the 110-ton 16*25 inch 
Elswick gun at 1000 yards, and which would exceed it at 
any longer distance, working, of course, at a higher pressure, 
but with no greater relative strain on the gun, 

414, As regards the alleged wave pressure, I will only 
repeat what I have shown before when treating of Ignition, 
that with a properly constructed cartridge, so as to insure 
rapid Ignition, there will be no wave pressure. 

415, The unchambered gun has however the advantage that 
any weight of charge can be fired with full gravimetric 
density, while in the chambered gun any charge below the 
full charge, must be fired with lower gravimetric density, 
depending on its weight, and consequently with a loss of 
ballistic effect. 



o 
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BiJUng. 

416. The system of rifling has little or no effect on the 
muzzle velocity of the projectile or the maximum powder 
pressure. As regards accuracy of fire, it matters nothing 
whether the twist be uniform or increasing, provided the 
increasing twist ceases to increase a short distance from the 
muzzle. If in the last three or four calibres of length the 
projectile has the right amount of rotation and is truly 
centred, which it may be with either system of rifling, it 
matters nothing, so far as accuracy of fire is concerned, what 
went before, or how that rotation was acquired. 

The danger of over-riding the grooves, or of any partial 
jamming, is greatest with the uniform twist at the beginning 
of the motion and decreases very rapidly as the projectile 
acquires velocity, whilst with the increasing twist it is ex- 
actly the reverse, consequently the effect of any such partial 
jamming, depending as it does on the sudden loss oif energy, 
is much greater with the increasing twist. 



Erosion. 

417. I will conclude this chapter by a few words on this 
subject. I have already given my reasons, when deab'ng 
with the powder question, for thinking that the very serious 
increase of erosion is due chiefly to the enormous increase in 
the volume of the products of combustion, consequent on the 
increased charges required by low pressure powder and to the 
very high temperature of combustion of the brown powder. 
The Russian 6-inch wire gun above mentioned fired 1000 
rounds with 39J lbs. of black prismatic powder, and the 
erosion was moderate, and the gun still serviceable, although 
of course the accuracy of fire was diminished. General 
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Maitland has given the following formula for the life of a 
gun firing brown prismatic powder- 
Number of Bounds = — rn — ; — : — = 50 . 

calibre m mcnes 

Which for a 6-inch gun gives 350 rounds. With black 
prismatic powder the Bussian gun fired 1000 rounds, 
and was still serviceable. Its muzzle velocity with 39^ lbs. 
charge and 122 lbs. projectile was 1715 feet per second, and 
the maximum powder pressure 24^ tons. 

418. To meet the rapid erosion of the Woolwich steel guns 
a system of lining has recently been adopted. A thin liner 
of steel has been inserted, extending throughout the chamber 
and about a third of the chase, with the idea of being re- 
placed by a new liner when the erosion becomes too great, 
but, as might have been foreseen, these liners are apt to twist 
round by the reaction of the projectile, and thus, after a few 
rounds, the grooves of the liners do not correspond with those 
of the front part of the chase. To meet this difliculty various 
devices have been tried, but with little or no success ; jand 
this system of partial lining may be pronounced a failure. 
I cannot but look upon this as a most dangerous state of 
things, and one which must lead to the abandonment of this 
system of liners. If liners are used at all they ought to 
extend throughout the whole travel of the projectile. 

419. It is hardly necessary to say that this chapter is not 
a treatise on gun construction. My aim in it htw been to 
show the relation that Internal Ballistics have to that subject, 
to point out the nature, origin, and extent of the principal 
strains to which a gun is exposed, and to emphasise the 
great importance of the separation of the bursting and the 
longitudinal strains. 

I have not entered upon the question of the comparative 
merits of hooped and wire-bound guns, either as regards cost, 
time required for construction, or safety. In a previous work 
I have treated of the general principles of the application of 
wire, and I will only add that actual experience may now be 

o 2 
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appealed to, to show the great superiority of the wire system 
to that of hoops. I wish, however, to call attention to the 
remarkable work of General Kalakoutski on the internal 
strains inherent in cast-steel forgings, and the dangerous 
character they may assume under the ordinary practice of 
hardening, tempering, and annealing, and the aggravation 
of the danger which may arise from the minute inaccuracies of 
workmanship which it is impossible to avoid in such a com- 
plicated structure as a large hooped gun. From all these 
difficulties the wire system of construction is free, and I feel 
confident that the views on this subject which for the last 
thirty years I have been advocating, will ere long be admitted 
to be correct even by those who have so-long looked upon 
them as the dreams of a visionary theorist. 



■ 



r 
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CHAPTER V. 

GUNS CONSIDERED AS THERMODYNAMIC MACHINES. 

420. Count St. Robert in his 'Principes de Thermo- 
dynamique/ Turin, 1870, indicated generally the relation of 
ballistic effect to thermodynamic laws, and in a paper pre- 
sented to the Institution of Civil Engineers, and published 
in vol. Ixxx., Session 1884-85, of their * Minutes of Pro- 
ceedings,' I endeavoured to apply Count de St. Robert's 
method to determine the initial velocity and velocity of 
recoil of rifled guns. 

421. The subject is one of considerable interest, and as 
the paper above mentioned contained many typographical 
and other errors, 1 have modified it in the present chapter. 

422. A gun is a machine for the conversion of heat into 
mechanical force, just as much as is a steam-engine. In the 
gun the heat operates through the mechanical force of ex- 
pansion of the gases, which are evolved simultaneously with 
the heat. 

These gases pass through a cycle of which the initial state 
is the high temperature of ignition of the powder, and the 
final state that when the projectile leaves the gun. Conse- 
quently the heat expended must be represented by the work 
done in overcoming the various resistances, and in impart- 
ing energy to the projectile, the gun, and the products of 
combustion. 

423. Let 

A H be the units of heat abstracted from the products 
of combustion in passing from the initial to 
the final temperature. 
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A Q, the units of heat passing from the products into 

the body of the gun. 
Al, the incremeut of internal work in the gases 

during the same time. 
A W, the external work done, consisting of 

(a) The statical resistance of the air to 
the motion of the projectile, in 
other words, the atmospheric pres- 
sure, not including the increased 
resistance due to velocity. 
Q)) The work done in giving rotation to 
the projectile. 

(c) The friction of the projectile on the 

rifling. 

(d) The work done in overcoming the 

friction of the gas-check and pro- 
jectile. 
{e) The work done in overcoming the 
friction of the products of com- 
bustion in the bore. 
if) Work done in stretching the gun cir- 
cumferentially and longitudinally. 
A V, the sum of the energy acquired by the whole 
system of projectile, gun, gun-carriage, pro- 
ducts of combustion, and J Eds the resist- 
ance of the air due to the velocity of the 
projectile. 
J, Joule's coefficient of the mechanical equivalent of 
heat, or 

772 foot-lbs. = 1 unit. 

424. Then we have the following relation, 

JAH = JAQ-f-Al + AW + 4AV. (1) 
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Determination of the above Functions. 

AH. 

425. According to Noble and Abel's researches the products 
of combustion of gunpowder are 

43 per cent, gaseous .. .. spec, heat 0*186 
57 per cent, non-gaseous .. do. 0*450 

If, therefore, w be the weight of powder burnt, to and t the 
initial and final temperatures, we get 

AH= {• 57w X -450+ -43^ X -086} (<o - 

= • 3365 w (to - 0- (2) 

Now toy the initial temperature of combustion, is from 
2274° C. to 2374° C. absolute. (In what follows the value 
taken is 2342° C, or 4215° F. absolute.) 

t is obtained from Noble and Abel's equation 

where 

a = -57. 
Cp = * 2324 = sp. heat at constant pressure. 
^ Co = * 1762 = do. at constant volume. 

/O -~ ^B =1*2957 X = 046 

Therefore 

^g V 0074 



t = 



im 



(3) 



V, and V being the volames before and after expansion. 

AQ. 

426. This denotes the heat abstracted by the gun. About 
this there is much uncertainty. 
C!ount St. Robert, from experiments made with small arms, 
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■> ' , 
estimated that about 250 units of heat were impaTted from- 

one kilogramme of powder, or about 30 per cent. 

Noble and Abel, from experiments made on a 12-pounder 
3-inch gun, found that 545 units of heat were abstracted in 
9 rounds of 1| lbs. each, or 7 '2 kilogrammes, which gives 
60 J units per round, or 75 J units per kilogramme of powder, 
or about 9 • 6 per cent. 

They further estimated that with a 10-inch gun the loss 
would not exceed 3J per cent. 

427. There can be no doubt that the percentage of loss is 
much less in large guns, because whilst the absorbing surface 
only increases as the square of the lineal dimensions in similar 
guns similarly loaded, the weight of charge, and consequently 
the quantity of heat evolved, increases as the cube. 

Without pretending to any great accuracy in a question 
where the many elements, or some of them, are uncertain, an 
approximate solution of the problem may be attempted. 

428. In (§ 103), it was shown that if z be the loss of 
temperature, 

logz + z log a = log log - ; (4) 

c ^ w 

where a = 1 • 0077, a constant ; 
H = -000237 

e = emissive power of gases, assumed = 1 ; 
e = absorbing power of metal =: • 15 ; 
c = mean specific heat of products of combustion 
= 186; 
To = mean temperature of products ; 
(7 = surface exposed in dm.* 
w = weight of charge in kilogrammes. 

With these values (4) becomes 
log 2 + r^ = log { -0001910 X l-0077'^o ^r] + log - (5) 

from which z is easily determined. 

Then z x c = units of heat represented by the fall of 



INTERNAL BALLISTICS. * 201 

temperature, and if the total units evolved from 1 kilogramme 
be taken at 728, 

zc 



728 



= peroentage of loss. 



429. The above expression (5) contains t and Tq. The 
former is the time during which the gun is exposed to 
the heated products, whilst the projectile is passing along the 
bore. This may be estimated, if we know the length of 
the gun and the muzzle velocity, by means of M. Sarrau's 
formula. 

In the case of a quick powder tliis formula is of the form 

If, therefore, we represent the velocities by the ordinates 
of a curye, of which the corresponding abscissae represent the 
distance travelled by the projectile, the area of this curve, 
taken from I = to I = I (the length of travel) divided by I, 
will give the 

Mean velocity = j I x^ d x 

and since 

we get 

Mean velocity = '8421 V. 

Therefore the time which the projectile takes in reaching 

the muzzle is 

I _ 19 Zit 

\% C l^" ^^ ^ ' 
and since 

= 1 

Its 

we get finally the time in reaching the muzzle 

= M88.^. (6) 
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430. The temperature of the gun varies as the projectile 
passes along the bore, but it will be sufficient for the present 
purpose to take Tq as the mean temperature during the time 
that the projectile is in the gun. This may be found as 
follows : — 

431. According to Noble and Abel's formula 



\ 17 — a f?o / 



t and ^0 being absolute temperatures, or, as shown before, 

43 ^ ^^ 



t^L 



(•43 \*^" 



Since the volumes are proportional to the distance passed 
over, taking for Vq the equivalent length of the chamber, 
that is to say, the length of a cylinder whose diameter is 
that of the bore and whose capacity is that of the chamber, 
and making this equivalent length the unity of length, and y 
the distance moved by the shot measured in the same unity, 
the value of v will be Vo + y = 1 + y, and 

/ '48 \-^*_ f ' 43 \^^ _ -9394^0 . 

< = 'o/rT7T^) "'^ViTT^sJ -(2^4-"-43)--^'^ 

432. If then the temperature be represented by a curve, 
the area of that curve divided by the length of abscissa will 
give the mean temperature. But the area of the curve is 

L • 9394^0 , ,Qx 

dy (8) 



ii{y 



+ •43) 



where L is the length of the gun including the equivalent 
length of the chamber, and I is the equivalent length of 
chamber, or if I be taken as unity, L is the number of 
expansions. 
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Integrating the above, and dividing by L — 1, we get the 
mean temperature of the gases. 



T,=i-ou^,(^+-^^)^:f+-^^)'" 



The value of T^ in (5) is therefore 

433. The formula for loss of temperature is therefore 

log « + 5^ = log {000191 X T X 1'0077T. } + log - (11) 

in which z is the loss of temperature ; 
T the time of travel of shot 

= 1-188 i; (12) 

Tjj the mean absolute temperature of the gases 

= l-OU^.<^+-^^r-(^-^^>"'; 

Li — 1 

L = length of travel of shot + equivalent length 
of chamber divided by equivalent length of 
chamber ; 

t^ = temperature of combustion = 2274^ C. ; 

a = surface exposed in dm^ ; 

w = weight of charge in kilogrammes. 

434. If the value of t from (12) be introduced into (11), 
it becomes 

log z + ~ = log I • 00226 i X 1 • 0077To| + log ^ . (13) 

435. The above formula must be taken with reserve, as it 
represents the loss of heat on the hypothesis that the com- 
bustion of the powder is uniform throughout the whole time, 
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and it is, moreover, liable to uncertainty with respect to 
the value of the emissive power of the products of com- 
bustion. It is probable, however, that in the case of large 
guns, with heavy charges of slow-burning powder, the ap- 
proximation is tolerably correct. 

A I. Internal Work of Oases. 

436. The internal work in a perfect gfts expanding is 
zero, and as powder gases approach very closely to the con- 
dition of a perfect gas, we may assume A . I = 0. 

A W. External Work. 

437. (a) The first item of external work is the work done 
against the atmospheric pressure, apart from any increase of 
resistance due to the velocity of expulsion. 

If therefore p = atmospheric pressure ; 
A = area of bore ; 
L = length of travel of shot ; 
K = resistance ; 
the work done =RL=2).A.L; (13) 



Work done in giving Rotation to the Shot 

438. (b) Let W = weight of shot ; 

m = number of calibres to one turn of the 

shot or twist = 1 in m; 

V = muzzle velocity of shot ; 

•707 = radius of gyration for cylindrical 

body revolving round its axis. 

Then the velocity of rotation of the centre of gyration is 

'707 ttV ,,, . W 

and the mass is — ; 



m g 

therefore 



W/-707 7rV\2 



Work done = ,^ (:I^1I^Y. (14) 
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Friction of the Projectile in the Groove. 

439. {c) For the sake of simplicity, the twist is assumed 
to be uniform. Then if the pitch of the rifling be 1 in m and 
P the pressure on the base of the shot 

Force to give rotation = P . tt — , (15) 

If p be the powder pressure at any point x of the travel of 
the shot, the pressure on the base will he pir p\ p being the 
radius of the base, and substituting in (15), we get 

Force to give rotation at a; = — — . ». (16) 

If Pi be the initial pressure 



43 



,l-287 



and force to give rotation at x 

43 . 1-237 



~ 2m" ^' 



P-.) 



and if - be the coefiScient of friction, and the pressure be in 
n 

tons per square inch, this reduces to 

1 p" 1-737 Pi 



n m fv, .^Y*'' * (l*^) 



(?.-■") 



Now if I be the equivalent length of the chamber in feet, 
and a the area of the bore 

Vo = al, I? = a (a? + Z), - = — ] — . 

s 

and we get 
Work done = -^ x 1-787 P, j ' —r-^ — (18) 
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Work done in overcoming the Chip of the Botaiing Ring when 
usedy or the Gas Chech and the Friction of the Shot. 

440. (d) The friction proper of the shot, as distinct from 
the friction due to the reaction of the rifled grooves, is only 

W 

— when W is the weight of the shot, so that the work done 
n 

W 

is — . L which is so small that it may be neglected. The 

force required to press the shot into the grooves is only at 
the beginning of the motion, and is only a small fraction of 
the powder pressure, and as this ceases as soon as the ring 
has entered the grooves, the work done is quite insignificant, 
and may also be neglected. 



Work done in overcoming the Friction of the Products of 

Combustion in the Bore. 

441. In a previous chapter the question of the effect of 
the friction of the products was discussed on two hypotheses, 
with reference to the longitudinal strain produced on the 
chase of the gun. 

In now attempting to ascertain the work done in over- 
coming this friction I will adopt the second hypothesis 
(§ 401), which supposes that the friction is proportional to 
the pressure. 

442. When the projectile is at any point x the resistance 
due to the friction is by (3) (§ 401) 

R = 27rpa;i>/1±^<^, (19) 

f> being the coefficient of friction. 

Now the front portion of this mass of products moves 
forward d x, whilst the rear portion is at rest. Wherefore 
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the mean motion is -^, and the element of work done is 
therefore 



dW = 2.p^^(l±^>0.^; (20) 



y 



but 



•43 Z V-2JW 






therefore 



and substituting ioi p^ from (21) 

or 

W = , p P (.43 0" (^) ^ { "-- •^^.'>;3- <-^^ "" t 

■*■ ^237 ^ ioisT)^ "■ (L- •57Z)^M ' ^^^^ 



FFori (Zone en Stretching Chin, 

443. (/) The pressure of the gases inside the gun acts 
upon any elementary sliell by expanding it circumferentially 
and compressing it radially. 

Let there be such a shell at radius = y, whose breadth is 
y3, and thickness d y. 

Let ty = tension per square inch at y ; 
fy = radial compressive force at y ; 
X = extension under i^ ; 
/ = length = 2 ^ y ; 
€ = modulus of elasticity. 

Then a = Z=« 
iij 
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For any other extension z, less than a?, let <^ be the force 
exerted, then « = Z^or0=-r-2, and the work done through. 

E 

dajis = y zdz x ^dy- 

Integrating in respect of 2, when z = a; = Z p^, we get 

Work done = ^1^ . dy. 

Replacing Z by 2 tt y, we get 

Work done = JZL^J^i^ . (23) 

444. Now ty is a function of 3/, and if/i be the internal 
powder pressure, p and R the internal and external radii, and 

R 

m = — , 

substituting which in (23) we get 

Work done = ^.^j-^,.J(?l+J^7yd,. (24) 

which gives by integration 

Work done = ^j^J^Tf \^^ ^' + 2 R'logm + ^±£'} . (25) 

445. Proceeding in like manner for compression we get 

Work done = "-i^.j {^ R' + 2 E" log I + ^\ , (26) 
and adding these together, 

Total work done = ^/^^ '^TT^ * ^' ' ^^"^^ 
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446. If the unities be tons and feet, this gives the work 
done per lineal foot, and since the surface of 1 lineal foot 
is 2 TT /o, making fi unity, the work done per unit of surface 
is got by dividing the surface by 2 tt /o, which gives 

Work done per unit of Surface = — ^ . ^-^ • p , (28) 

tn — 1 2 Hi 

and this is the work done in foot-tons per square foot of 
surface of chamber. 



Work done in Expanding the Chase. 

447. As the chase varies in thickness, the value of m is 
not constant, but the variation is not of such magnitude as 
seriously to affect the results, and therefore it will be suf- 
ficient to assume a mean thickness of the chase, and make 
use of the value of m belonging thereto. 

448. Proceeding thus, the work done per unit of surface 
may be determined as above, using, instead of the constant 
pressure /i, the varying pressures at each point of the chase, 
which is a function of the length travelled by the shot. 

Let L be the total length of travel ; 

I the equivalent length of the chamber ; 
X any intermediate length ; 
Pi the pressure in the chamber ; 
p the pressure at x ; 



then 



. .4.0 1-287 



and the work done in d x ia 

TT m^+1 ^j -43 \2*^* 
E 
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and integrating this, and taking a? = L, the total work 
done is 

^ "" E ' w»* - 1 * ^ ^' 1-474 ((•43 Zy *'* "" (L+ • 43 Zy«*r ^^^^ 



TFbrA; done m Strdching the Chm between Breech and 

Trimnions, 

449. Assuming that the strain is uniformly distributed over 
the cross section of the gun, this strain per square inch 

= 0. 



Then if I be the total length from breech to trunnions, 
Total extension = * ^ = (Jj^iyE * ^^^^ 

450. For any intermediate extension y, the force »= E ^ and 

the work done in (?y = E.?^y. 

Integrating and making y = the total extension, we get 

work done = ^^^^ per unit of area; and since the total 

p 
area = 2 ^ (R^ — p^), and = ^ ^ , substituting we get 

Total work done = // ^'l, . P^". (32) 

(mr — 1) E ^ ' 
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Determination of A. V. 

451. This is made up of the following items : — 

(a) The vis viva of the projectile = — . tt' ^ 

(6) ,. ofgunandcarrriage S^u,^ 

(c) „ of products of comhustion = | w,,' d fi 

where W ^ weight of projectile ; 

Wi = weight of gun and recoiling part of carriage ; 

/i = mass of charge = — ; 

Uy Uiy and Un being the velocities of projectile, gun, and gases 
respectively. 

452. The integral Ju,,^ df^ must be taken for the whole 
mass of the products of combustion from the breech to the 
muzzle, and it depends on the state of the particles and their 
respective velocities at the moment when the projectile leaves 
the muzzle. 

453. It is assumed — 

1st. That the density of the products of combustion is 
uniform throughout at any given moment 

2nd. That the velocities of the particles increase uniformly 
from the breech to the muzzle. 

3rd. That the particles in contact with the breech and 
projectile have respectively the same velocities, viz. Wi and u. 
This being so, and the motions being in opposite directions, 
there must be some point where the gases are at rest, and 
this point divides the whole length in the ratios of u and Ui. 
If then I be the total length of the chase, the point of rest 
will be 

— : — . I distant from the breech. 

u 

— ; . I distant from the muzzle. 

u -f Ml 

P 2 
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454. Let X be any distance from the point of rest on the 
muzzle side, and y any distance from the same point on the 
breech side, then 

Velocity at a; = « . — = -j ; — = \^ . x . (33) 

Velocity aty = « . -?^4— ^ = ^' • y. (34) 

^ ul U +Ui I if \ / 

455. Let S = density of products of combustion ; 

A = area of bore. 
Now the moments are equal on each side of the point of 
rest, and these are, on the muzzle side, 

8A u + u, ru-T^^^, ^ |A ^ _^ 

and on the breech side 

Q— •«•— ^, (36) 

and as these are in opposite directions, their algebraic 
sum is 

Now BAl=sWf therefore 

M"^/^ = 2^(tt-«*i). (38) 

456. For the vis viva in the direction of the muzzle we 
have 

ul 

8 A /tt + Ml V r*** + 



9 
and in the opposite direction 

8 A /« + tti" 



(»_+!!iJJ-+«V*, (39) 



Ul I 
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the integrals of which are 






8AZ u» 

-3 — • — ; — and 
3 gr tt + ttl 


3^ 


tt + ttl^ 



(41) 



therefore the total vis viva is 



8AZ tt^+tti^ ^^ / « I a \ /^o\ 



which is the value of 

d u. 



}" 



Determination 0/ j R d «, or <A6 TFbrl done in overcoming the 

resistance of the Air due to Velocity. 

457. Assuming the resistance to be proportional to the 
cube of the velocity, R = a w*, a being a coefiScient determined 
experimentally. 

From experiments made with the Bashforth chronograph 
the resistance of a 10-inch ogival-headed projectile at 1000 
feet per second is 233 lbs., therefore the resistance at any 
velocity u is 

233(j^y= • 000000233 tt^ 

and 

as -000000233. 

458. Now the velocity of the projectile, if Sarrau's mono- 

s 

mial formula be admitted, is C . x^y where C is a constant and 
X the distance travelled by the projectile. Therefore, if t^ be 
the muzzle velocity, and I the total travel of the projectile 

tt = C i" and = -r ; 

l^ 
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therefore, the velocity at 



" 3 

OJ = -r X XTlS 

consequently 



(x\h 



R = • 000000233 u^ (^^, 

and 

B.dx = 000000233 



•■/.©*-• 



and integrating between 

X = I and a; = 0, 

/Bdx= -000000233 x 'Ul .u^ 

= -0000000149 Ztt3. (43) 

459. This is in lbs. for a 10-inch projectile, and assuming 

the resistance to be directly as the area, this must be divided 

78-54 
by ^., to give the resistance per square foot and therefore 

for any calibre c, the resistance will be 

-000000149 c' 3 

= - 0000000214 c^Z 1*3; 

or dividing by 2240 for foot-tons 

= -0000000000966 c^Ztt^. (44) 

Unities, feet, seconds, and foot-tons. 



To determine the Vetoeittes. 
460. From the equality of momenta. 

Wi W . w / X 

or — . Ml = — . M -f TT— (M — tti) : 
9 9 2j/^ "' 

or Wi Wi = W tt + - . (m — tti), 
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from which Ui is obtained in terms of u, or 



to 

1*1 = • u . (46) 

to • \ / 

W. + -2 



461. By substituting the values thus obtained in equation 
(1), an equation is obtained from which u the muzzle 
Telocity is obtained, and from it, by the last equation, the 
velocity of recoil is known. 



462. Application to lO-inch B.L. Woolwich gv/n,. 

Wi = weight of gon 27 tons. 

W = weight of projectile .. 600 lbs. 

Fi = maximum powder pressure .. 18 tons per sq. inch. 

w = weight of charge 300 lbs. 

pi = radius of chamber • 6838 feet. 

Z' = length do 4-6 feet. 

Z = equivalent length 8*28 feet. 

p = radius of bore, 6 inches ,. 0*4166 feet. 

L = travel of projectile ,. .. 22*6 feet. 

Vq = capacity of chamber .. .. 8316 c. inches, 

v = total capacity of gun .. 29622 ,, 

-= 3-66. 

J = Joule's factor 772. 



J AH. 

463. By (2) 

AH= • 3366 w (<o - <)• 
But 

w = 300 to = 4215'' Fah. (absolute), 
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and 

therefore 

Fall of temperature <o — < = 563°, 

and 

_ ^ _ 772 X -3366 x 300 X 563 ,^ _^ . , , 

J A H = nnTR = 19,580 foot-tons. 

JJ4U 



J AQ. 
464. By (5) 

log« + 5^ = log {-000191x1 -0077'° + t} + log - • 
ouu to 

Where z is the loss of temperature in degrees Centigrade. 

T, the time of combustion of the charge, which is here 
assumed to be the same as the time of passage of 
the projectile to the muzzle, which is, of course, 
a maximum value, and as shown in formula (6), 

T = 1 * 188 — , L and v in metres. 

L = 22*5 feet = 6-86 metres. 
V is assumed = 2000 feet = 612*6 metres per second. 

.*. T = *0133. 

To = mean absolute temperature of products in 
degrees Centigrade, which by (10), when ^ is the 
absolute temperature of combustion = 2274° C, is 

^ 10141, <^+-^)"r '•"'-; 



INTERNAL BALLISTICS, 217 



or 



F86 



To = 1-014 X 2274 X —^—tt-t:^—-- = 1896° C. 



or = surface in decimetres square = 700*3. 
w = weight of charge in kilogrammes ^ 136*2. 
And making use of these values 

log « + 3^ = log { -000191 X vmv^ X *0133 } + log jgrl 

= -72488 + -71110 = 1-43590. 
From which we get a = 23°, and if c = mean specific 
heat '186, and w the weight of products = 136*2 kilog., 
the total loss of heat is 23 x 136*2 x 186 = 582*7 units 
(French), or in English units, 582*7 X 3*968 = 2312, or 
in the equivalent of work done 

J A Q = r^I:' = 796-8 foot-tons. 



465. 



Al = 0. 



AW. 

466. (a) Besistanoe of Atmospheric Pressure = p A L 
14-75 X 78-54 x 22-6 



2240 



= 11*64 foot-tons. 



467. Q>) Rotation of Projectile, 



Work done 



" 2^\ m )' 



/^ 
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Here W = 500 lbs. 

m = 30, or one turn in 30 calibres. 

Therefore 

^ i-j 600 /'TOT X 3-U16\2 

Work done = ^^ (^ g^ j u^ = '04255 u« ; 

or, in foot-tons = -000019 «2 foot-tons. 

468. (c) Friction of Projectile. 

Here by (18), 

Work done = 1-737 -^ . Pj - 

nm J /i 



/x 4- I V«*7 



= 1-737 ' -^ "•'"• ■ '' ^^ 



P p 7i'2a7 I ' 



o(a?+ -43 Zy 
which integrated between the limits L and gives 
l-737p2PiP'^| 1 1 



\ F"^ { 1 1 1 

n t(-43Zy^ (L-t--43Z)W' 



•237wn l(-43Z)-^ (L-t--43Z)- 
and 

P = 6 inches = -^leG feet, m = 80, - = 4 

Pi = 2592 tons per sq. foot, 2 = 8*232 feet, L = 22*5 feet. 

Making use of which values in the above, we get 

Work done = 298-4 [--^ ^\ 

U-349 2-165J 

= 295-4 {-7418 - -4619} =88-34 foot-tons. 

469. {d) Friction proper of Projectile and Base Bing, 

The jEriction of the projectile itself is very small and is by 
(§440) 
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or 

^^^ \ 22 • 6 = 1 • 005 foot-tons. 



6 X 2240 



The pressure required to force the rotating ring into the 
grooves, though considerable in itself, represents very little 
work done, as it acts only through a very small space at the 
beginning of the motion, and its effect is simply to increase 
temporarily the pressure of the gases> but not to absorb 
energy permanently. 



470. (o) Friction of Prodv^ts of Comhvstion, 

By (22) 



768 



^ • 237 V( • 43 ly^^ (L - -67 Z)»^/ 1 ' 
where 

p = -4166, P = -6192, / = 8-232, L = 22-5, 
a = 1 • 945 {U¥)K ( • 43 ly^ = 4 • 776,* ( • 43 Z)«^ = 1 • 849, 
(L - • 67 Z)-^«* = 17 • 808:^«» = 9 • 000, (L - • 57 Z)«^ = 1 • 979, 

T^Z = 1-980, a =1-252, (•43Z)-^« = 2-623, 

from which 

W = 43560 X 8-729 = 380000 0. 

In (§ 408) we found a value for = -00725, but this 
was derived from an experiment with a 6-inch gun, and with 
exceedingly doubtful data. On the other hypothesis the 
coefficient was •00341. For our present purpose, and under 
every reserve, I assume a coefficient of • 005, which gives 
the work done 380000 x -005 = 1900 foot-tons. 
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Work done in Stretching Chin. 
Chamber. 

471. By (28) the work done per foot of surface of the 
chamber is 

m' + l fj_p 

«i^ - 1 * 2 E ' 
where 

t»' + l . R^ + P' . 449 _ 
TO^ - 1 ~ R« - P« ■" 357 

/i = internal pressure = 18 tons per sq. inch, 

= 2592 tons per sq. foot, 

P = 7 inches = 0-6333 feet, 

and the surface of the chamber 

= 16*5 sq. feet. 

E = modulus of elasticity 

= 13000 tons per sq. inch. 

-_ 1-28 X 2592 X 0-5333 x 16-5 oa ow ^ * 

.-. W = TT^T^T^ TT-A — = 20-21 foot-tons. 

2 X 13000 X 144 



Stretching the Chase. 
472. By (30) work done is 

E w* - 1 • ^ ^' • 1-474 l(-43Z)^«* (L + •43Zy «*f 

unities^ feet, and tons per square foot ; and taking a mean 
value for E the outer radius = • 8333. 

p = -4166, P, = 2592, E = 13000 X 144, 
Z = 8-232, L = 22-5, 

to" + 1 R" + p» -8333^ + •4166' 



w« - 1 B* - p» " -8333* - -4166" 



= 1-666. 
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Therefore 

= 7 ' 425 foot-tons. 



Stretehing hetween Breech and Trimnions. 

473. By (32) work done is 

B (w« - 1/ 
Hence 

R = 20" = 1-666 ft. p = 5"= -4166 ft. Z = 9ft. 

m« = ^ = 16 E« - p« = 2-6016 

Pj = 18 X 144 E = 13000 X 144 

-. 3-1416 X 2-6015 x 9 x 2592^ , .„^. ^ ^ 
•••^ = 13000 X 144 X 15^ = M73foot.tons. 

Determination of AY, 

474. (1) Vis viva of projectile : — 

W 

g 



= -.u'. 



w 

Work done = -—«'. 

W = 600 lbs. = • 2232 tons. 

-2232 
.-. Work done = --jr-^ «* = - 003465 tt« foot-tons. 

476. (2) Vis viva of gun and recoiling part of carriage : — 
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Taking the weight of gun and recoiling part of carriage at 
36 tons, 

Work done = -x-r-i^ = '&B9ui^. 

476. (3) Vis viva of gases, or j u,^dfi: — 
By (42) this is 

and work done = — - (m» + u^ - « tt,) . 



Now 



300 
^ = HHTT^ = • 1389 tons. 

•1339 
.-. Work done = ^_^^(m« + u,' - uu,) 

= -000693 (ft* + M « - Mtti) foot-tons. 



o/ ileV I ] 



Besistanee of Air \^dx. 



477. By (44) this is • 0000000000956 c^ I u\ 
Hence 

c = 10" inch = • 8333 foot. 

Z = 22-6. 

The value of u must be assumed, and in this case we will 
take it at 2000 feet per second, which gives work done 
= 11*45 foot-tons. 
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Total Work done. 
478. The total work done is therefore as follows : — 

Heating gun, 796 • 8 foot-tons. 

Internal work, O'O 

Statical resistance of air 11*64 

Force to give rotation .. '000019 tt* 

Friction of projectile rifling . . 83 • 34 ) 04 . qk 

do. pressure 1*01 J 

Friction of gun (making / = • 005) . . . . 1900-00 

Stretching gun — ^in chamber .. 20*21 



chase 

longitudinal . 

On projectile 

On gun and carriage 



7*43J 28*81 
1*17 
* 003466 m* 
* 569 tti'» 
On gases .. .. • 000693 (w* + tti* - tt Wj) 

Besistance of air I B ^ a; .. 11*45 „ 

Adding these and equalising to J A H, the equivalent of the 
heat expended, we get 

19,580 = 2833 + * 004177 m* J- •5597tti" X • 000693 «Mi, 
but as shown above (45), 





^^l 






and 




W 


= 500 lbs. w = 800 Wi = 36 X 2240. 




660 

•■• «i = x^..^^ = • 00805 u . 
80790 ""o""». 


and 






u*= • 0000647 «•; 


therefore 






•6597tt,'= • 0000362 tt», 


and 






• 000693 « a, = • 00000651 u*, 
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substituting which in the above we get 

16747= -004207 a», 

and 

« = 1995 feet per second, 

which is the muzzle velocity ; and 

Ml = -00805 + 1995 = 16-06 feet per second; 

which is the velocity of recoil. 

479. From which we get 

Work done for rotation = • 000019 w'* = 75 - 62 foot-tons. 
„ friction of gun = . . . = 1940*00 „ 



99 



on projectile = • 003465 u^ = 14265 • 00 

on gun and carriage • 559 Ui^ = 149 • 00 „ 

on gases - 000693 (u' + u,^ ] ^743 . OO 

— u tti) I 



480. Summary of Work done. 

Energy of projectile 13796*0 foot-touF, 

„ gun and carriage in recoil 149 - „ 

„ gases 2743 

Friction of gases 1940 

4783*0 „ 

Rotation 75*6 „ 

Besistance of air (statical) . . 1 1 « 64 

nidx .. 11-45 

23*1 „ . 

Friction of projectile . . . . 1*01 

„ in rifling 83*34 

84*4 „ 

Stretching gun 28*8 „ 

Equivalent of heat imparted to gun . . 796 * 8 „ 

Total 19734*7 foot-tons. 
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481. The equivalent of the heat expended, as shown in 
(§ 451), was 19,580 foot-tons, so that the difference is 
154 foot-tons, or 0*75 per cent. 

482. Taking the whole heat developed in the combustion 
of the powder at 1298 '4 units per lb., the equivalent work of 
300 lbs. is 134,260 foot-tons. 

Of this there is accounted for 19,734 „ 

■ ■■ ■ ■ 111 I 

showing a loss of . . . . 114^526 foot-tons ; the whole 
of which is in the residual heat of the gases as they escape 
from the gun at an absolute temperature of 3652^ Fah. 

483. It thus appears, that if we consider the energy 

imparted to the projectile, the useful effect only 

13795 1 

= Q-=^ lbs., or about 10*3 per cent of the power 

is utilised. 

484. Of the work actually done in the gun, the following 
are the percentages : — 

Useful' effect on projectile 69*900 per cent. 

Effect on recwl -764 „ 

„ on the gases 24*240 „ 

On rotation and friction of projectiles * 810 „ 

On expulsion of air stretching gun . . * 250 „ 

Heating the gun 4*036 „ 

100*000 „ 

485. The observed velocity with this gun was about 2100 
feet per second, but as the observed velocity is always some- 
what greater than the real muzzle velocity, owing to the 
continued action of the gases, the actual muzzle velocity 
would be about 2065 feet per second, or about 3^ per cent, 
above the calculations. This difference is not more than 
might be expected, since the two important items of loss of 
heat and friction of gases are subject to considerable un- 
certainty. It appears, therefore, that the Thermodynamic 
method gives very approximately correct results. 

486. The foundation of it is of course the fall of tempera- 

Q 
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ture in the gun, or more correctly stated, the difference 
between the temperature of combustion and the temperature 
of the products at the time the projectile reaches the muzzle, 
and this is got by using Noble and Abel's equation, where 
the change of temperature is given as a function of the 
change of volume, 

487. In this equation it is supposed that the whole of the 
powder is converted into products before the change of 
volume begins, and that it is then at the highest tempera- 
ture, and that afterwards in expanding and doing work, it 
falls to the lower temperature. 

488. To this it may be objected, that in the case of a gun, 
these conditions do not exist ; that the powder begins to do 
work as soon as the combustion begins ; that it also begins 
by imparting some part of its heat to the gun, consequently 
lowering the temperature and pressure of the products, and 
it may be said, that under such a simultaneous generation 
and expenditure of heat, the result must be very different 
from that of the first hypothesis. But those who hold this 
view ought not simply to assert that it may be so, but to 
show why it must. 

489. The application above given of the Thermodynamic 
method to the 10-inch gun shows that it gives results which 
practically agree with experiment, and the inference is, 
that although the process of combustion may vary, the effect 
is practically the same. 

490. This is indeed distinctly stated by Count de St. 
Robert, who says (* Principes de Thermodynamique,' p. 202, 
Turin, 1870), ** Quel que soit la mode de combustion de la 
charge de poudre dans Tarme a feu, qu'elle se consume 
instantanement ou successivement, les deux temperatures 
to, t seront toujours les memos. La premiere depend de 
la composition de la poudre; elle est determinee par la 
reaction chimique qui s'opere pendant que la poudre passe 
a Tetat gazeux. La seconde ne depend que du rapport de 
I'espace, occupe par les gaz lorsqu'ils ont la temperature t^ a 
Tespace qu'ils occupent apres la detente dans Tame derriere 
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le projectile, et de la pression du milieu exterieur, quantitfe 
qui restent invariables." 

491. A very striking feature in the summary given above 
is the large amount of work done in giving energy to and 
overcoming the friction of the gases. Taking the coefficient 
of friction so low as • 005, the work done in overcoming it is 
1900 foot-tons. 

As has been seen, when treating on pressure curves, the 
coefficient of friction may possibly be higher, and it follows 
that the amount of friction has a very important bearing on 
the question of longitudinal strain between the trunnions and 
the muzzle of the gun. 

492. The pressure curves also appear to confirm the 
hypotheses above adopted respecting the combustion of the 
charge. 



Q 2 
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CHAPTER VI. 

Condvding Remarks. 

493. Up to the present time powder composed of nitrate 
of potassa, charcoal, and sulphur has been almost exclusively 
used for artillery, and the proportions of these ingredients 
have not varied much, but a very great alteration has taken 
place in the size and form of the grains. These latter have 
vory largely increased, with the view of reducing the pres- 
sure, and this object has been still further attained by the 
Prismatic form, whereby the Ignition is made more gradual. 

494. Whilst, in this way, the pressure has become reduced, 
it has been necessary largely to increase the charges rela- 
tively to the weight of projectile, and this, agaii\, has necessi- 
tated the increased length of guns. It has further led to 
increased erosion and other inconveniences. 

495. It may very well be asked whether too much has not 
been sacrificed to this reduction of Pressure, and whether our 
Ordnance Department has been, and is at the present time, 
on the right track in gun construction. 

496. It may be asked. Where is the necessity of limiting 
the maximum pressure in a gun to 16 or 17 tons per square 
inch ? 

497. In a gun made solid, and of homogeneous metal, there 
is indeed a limitation to the internal pressure that it will 
bear, viz. the tensile force of the metal ; but in a built-up 
gun this limitation is not necessary, and it is quite possible 
to make a gun which will not be strained to more than 20 tons, 
whilst the internal pressure may be 40 tons per square inch. 
If, then, the elastic limit of the material of this gun be 
25 tons, it is perfectly certain that it may be subjected to an 
internal pressure of 40 tons without injury. Why, then, 
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limit the iuternal pressure to 17 tons, thereby involving a 
larger charge and many other inconveniences ? 

498. It is perfectly certain, as appears from M. Sarrau's 
investigations, fully confirmed by experimental results, that 
the ballistic effect of a given weight of powder increases as 
the maximum pressure increases, and therefore the object of 
the gun constructor should be to increase the strength of the 
gun, so as to master the force of the powder, rather than to 
seek for a weak powder to suit a weak gun, and increase the 
ballistic effect by an increased weight of charge, and length 
of gun. 

This is the path entered on a few years ago, and still 
persisted in by our gun manufacturers, and it is by this 
principle that our Ordnance Department is now guided, and 
our new armament is being constructed. 

499. Nothing has been said in the preceding chapters 
about the new powders which have been invented in France 
and in this country, because everything connected with them 
is kept a profound secret, excepting that from time to time 
we are startled with results said to be obtained with these 
new explosives. 

500. On a recent occasion Lord Armstrong, presiding at 
a meeting of the Elswick Company, is reported to have said 
that " with the powder now made by the Chilworth Company, 
a charge of one-third less weight than hitherto used gives a 
muzzle velocity of 2400 feet per second " ; that is to say, 
a higher velocity than the ordinary powder. He said nothing 
about the maximum pressure, but as this is limited by the 
Ordnance Department to 17 tons per square inch, it is to be 
presumed that this was not exceeded. Now, it is certain that 
no such effect can be produced with a charcoal and nitrate 
powder. The force, or strength, of a powder is, as shown in 

7)/\ Vn Tn 

(§ 108) denoted by ^-070- > which is nearly constant for 

all such powders ; but it is quite possible that the product of 
the two variables Vq and T© may be increased by the use of 
other ingredients. If, for instance, some ingredient other 
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than charcoal were used, capable of giving an increased 
volume of gas with the same value of To, a more powerful 
powder would result. If, again, Vq remains constant, whilst 
To was increased, the same result would ensue, and a fortiori, 
if both Vq and T© were increased, a still more powerful powder 
would be obtained. 

501. The question, however, still remains^ "What will be the 
effect of such powder as regards the maximum pressure, the 
erosion of the gun, and the storage and keeping properties of 
such powder ? 

502. " Stability'* of constitution is of the utmost im- 
portance in gunpowder. If it be liable to change so as to 
alter its '^characteristics," it is evident that range tables 
must become of little use. 

503. Such change may be brought about either by a 
change in the hygroscopic or in the chemical condition of 
the powder. 

504. Charcoal powders are only subject to the first of 
these changes, and the less moisture they contain the more 
stable they are. For this reason it may be expected that 
cocoa powder, which C(Hitains a high percentage of moisture, 
will be more subject to change and become more violent in 
hot climates than the black powders, which contain less 
moisture. 

505. Charcoal powders are not subject to chemical change 
except at very high temperatures. On the other hand, powders 
composed of substances which have greater chemical affinity 
inter se, may be expected to undergo considerable change 
when kept under certain conditions differing from those 
under which they were manufactured. 

506. Although the composition of the new powders is kept 
secret, it is very probable that they are to a great extent 
compounds of ammonia and picrates or their analogues, and 
if so they are no doubt liable to change if kept for a time in a 
moderately high temperature, such as would obtain on board 
ship or in magazines in the tropics. 

507. Such change might not only affect the chemical con- 
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stitution but might possibly destroy to some extent the 
cohesion of the grains, leading to their disintegration or 
fracture, and in this case a very violent action might ensue, 
giving rise to high and dangerous abnormal pressures. 

508. It is therefore of gieat importance that the stability 
of " characteristic " of these new powders should be com- 
pletely investigated, and as these important questions can 
only be definitely settled by long experience, it would be 
very rash to adopt such powders into the Service until such 
experience has been obtained. 
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POSTSCRIPT. 

After the preceding pages had gone to press, I received, 
through the kindness of my friend Lieut. Crozier, copies of 
' Notes on the Construction of Ordnance/ Nos. 36 and 42^ 
No. 36 is by Lieut. W. M. Medcalfe, of the Ordnance Depart- 
ment U.S. Army, and is dated 28th April, 1886. It i» 
entitled * Application of Sarrau's Formulas to American 
Powders and Guns/ 

No. 42 i& a translation of Sarrau's * Eecherches Th^oriques 
sur le Chargement de» Benches a feu/ with Notes and 
Appendix by Lieut. D. A. Howard, Ordnance Department 
U.S. Army, and is dated 19th August, 1887. 

The publication of these documents for the use of oflScers 
of the Ordnance Department, by authority of the Secretary 
of State for War of the United States, is evidence of the 
high value attached in that country to M. Sarrau's investi- 
gations, the practical value of which is evident by the tables 
which are reproduced at the end of this Postscript, and 
which will be found of great interest to artillery officers* 

Table I. contains the ballistic elements of various American 
service guns, with their relative powders and the ballistic 
results obtained. 

Table II. gives the " characteristics " of sixteen American 
powders. 

Table III. shows the verification of the " characteristics " 
by comparison of the actual muzzle relations and pressures 
with those deduced from the formulsB. 

Table A, taken from Lieut. Howard's Appendix to 
No. 42, gives the " Characteristics " of a number of brown 
prismatic powders tested in an 8-inch gim. 
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Table B. The verification of some of these same powders 
in the same gun. 

An examination of these tables, which give the results of 
138 rounds fired from guns varying from 3-2.inch to 12-inch 
calibre, and with different powders, shows how satisfactorily 
M. Sarrau's method represents the actual facts of artillery 
practice, and consequently how important his investigations 
are, both as regards ballistic practice and the construction 
of guns. 

Lieut. MedcaKe, in paper No. 36, points out that the value 
of the " force " of the powder is not constant, especially as 
regards the brown prismatic powders, and in the Table II. 
it will be seen that it varies from 1*096 to 0*735 in cocoa 
powder. 

The probability of this variation is pointed out in (§ 327) 
page 153 antey and the value of/ for cocoa powder was there 
estimated at • 7635. 

The value of/ for cocoa powder must, however, be taken 
with much reserve. It is well known that with this powder, 
and especially when fired in large charges, some of the grains 
are blown out only partially consumed, and of such a case 
M. Sarrau's formula does not take account ; and the value 
of / determined from any particular experiment must be 
considered as only an approximate value, and correct only as 
regards the ballistic elements of that experiment. 

It should be the object of the artillerist to have such a 
value of T as will ensure the complete combustion of every 
grain before the projectile leaves the gun. 

Lieut. Medcalfe observes in "Notes" 36, page 10, that — 
** Any change in the method of manufacture which favours 
the regularity of burning of the grains will increase the 
effective strength, and enable us to obtain with the same 
maximum pressure higher velocities. 

" Assuming /= 1 as a mean value of the powder that is 
easily obtainable, and givin'g for ordinary densities and 
pressures values of t small enough to obtain the complete 
combustion of the grains before the projectile leaves the gun. 
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we will attempt to deduce the relation between the density 
and T for brown prismatic powder. 

** N Vi, Table 11. may be taken as the standard, and the 

value of K iuM. Sarrau's equation t = K L , ^„q _ g j (§ 243) 
page 119 ante, making 

€ = 0*476 inches = 0*121 dm. 
8=1-828 

gives 

K = 1-217/' 

Lieut. Medcalfe shows, No. 36, page 9, that with the 
12-inch gun the best result is obtained with a charge of 
246 lb. of powder, and a value of r = 1-593 (see § 307, 
page 144 ante, and No. 36, page 9), and using the value of 
K = 1*217 just obtained, we find S = 1*804, which is nearly 
that of N.R., Table II. 

Referring to M. Sarrau's formula (15) (§ 174) and (42a) 
(§ 207), Lieut. Medcalfe observes that with slow powders 

f^a^ fa 

the velocity varies as^^-i-, and the pressure as*^, and con- 
sequently if/ and a remain constant, any increase of t which 
reduces the pressure must also reduce the velocity, though 
in a less proportion. If, however, we wish to decrease the 
pressure and retain the velocity unchanged, / and t must be 

both increased in such a manner that — shall decrease, whilst 

T 

/* 

— remains constant. 

Taking, for instance — 

Cocoa powder t = 1*130 and/= -735, and N.V. .powder 

A 
T = 1 • 952, and / = • 968, we get -— = ' 832 for both, and 

-^ = * 650 for cocoa, and = • 496 for N.V. Consequently, 
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the velocity is the same, whilst the pressure is decreased in 
the above proportion. 

From this it follows that any increase in / is of great 
importance, and the efforts of the manufacturers should be 
directed to obtain this increase ; and it is in this direction 
that powder manufacturers are now moving, partly by an 
alteration in the constituents of the powder, and partly by 
varying the mechanical process of manufacture. 
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TABLE A. — Chaeacteristios of Expebimental Brown Prismatic Powders, 

TESTED IN THE 8-INOH B.L. StBEL RiPLE. 



Designation 

of the 

Powder. 



log o*. 



log a. 



lOgiS. 



N. 



Sp. gr. 



/. 



Slow powders that gave high velocities and moderate pressures. 



PNA.. 

PN .. 

German 
cocoa 

PO .. 



I 



QW .. 
QWA.. 
QY .. 
QM .. 



QP 
QQ 



QN 



QV 

QU 

PA 

QWB 

QX 

QYA 

QK 

QL 



T- 93792 
T- 97407 

1-96950 

T- 95401 



T- 96896 
I- 98704 

T- 98475 

T- 97701 



T- 28041 
T- 33725 

T- 3206 I 

I 28978 



Medium powders that gave good res>dts. 



0-01571 
0- 01738 
0-00579 
T- 96891 



00786 
0-00869 
00290 
T- 98446 



Slow powders that gave unsatisfactory velocities. 



T- 931 39 
T. 90367 



T- 96570 
T 95184 



A medium powder that gave unsatisfactory results. 



0-01204 



0-02529 
0-01987 
0-01968 
0-05348 
0-06018 
0-06359 
0- 06041 
0-18085 



0- 00602 

Powders 

0-01265 
0-00998 
0-00984 
0-02674 
0-03009 
0-03180 
0-03020 
0-09043 



T- 39077 



10-76 



1-825 



0-929 



entirely too quick. 



Powders entirely too slow. 



QE .. 
QH .. 


1-87038 
1-73814 


T- 93519 
T- 86907 


T- 15363 
2-65295 


10-76 
10-75 


1-840 
1-840 


1-157 
2-704 


2-340 
7-412 



10-73 


1-840 


1-009 


10-85 


1-840 


0-963 


11-50 


1-858 


0-958 


10-71 


1-843 


1-026 



1-748 
1-533 

1-541 

1-710 



T- 37924 


10-65 


1-816 


0-962 


T- 39508 


10-66 


1-822 


0-931 


1-36094 


10 67 


1 817 


0-981 


I- 371 18 


10-87 


1 834 


0-880 



1-392 
1-342 
1-452 
1-418 



T- 29918 


10-85 


1 837 


0-953 


T- 30009 


10-77 


1-849 


0-892 



1-674 
1-670 



1-355 



T- 40456 


10-68 


1-825 


0-928 


T- 40556 


10-71 


1-840 


0-914 


T- 44259 


10-80 


1-825 


0-839 


T-45039 


10-66 


1-834 


0-891 


T- 45585 


10-68 


1-825 


0-894 


T- 48169 


10-65 


1-826 


0-849 


T- 48208 


10-68 


1-828 


0-842 


T- 55701 


10-79 


1-825 


0-935 



1-313 
1-310 
1-203 
1 182 
1-167 
1-099 
1098 
0-924 



INTERNAL BALLISTICS. 



lit 



O O ft. pH A, C S'COfi, fc p, pH A. ft. ft. (^CaCff 3 



ORDNANCE : 



A TREATISE ON THE APPLICATION OF WIRE TO THE 

CONSTRUCTION OF ORDNANCE. 



By JAMES ATKINSON LONORIDOE, Mem. Inst. G.E. 



8vo^ cloth| £1 6s. 



■o» 
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Students, etc,, etc. By Thomas Bayley, Assoc. R.C. Sc. Ireland, Ansu 
lytical and Consulting Chemist and Assayer. Fourth edition, with 
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Synopsis of Contents : 

Atomic Weights and Factors — Useful Data — Chemical Calculations— Rules for Indirect 
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Photography, Prices, Wages, Appendix, etc., etc. , 

The Mechanician : A Treatise on the Construction 

and Manipulation of Tools, for the use and instruction of Young Engineers 
and Scientific Amateurs, comprising the Arts of Blacksmithing and Forg- 
ing ; the Construction and Manufacture of Hand Tools, and the various 
Methods of Using and Grinding them ; the Construction of Machine Tools, 
and how to work them ; Machine Fitting and Erection ; description of 
Hand and Machine Processes ; Turning and Screw Cutting ; principles of 
Constructing and details of Making and Erecting Steam Engines, and the 
various details of setting out work, etc., etc. By Cameron Knight, 
Engineer. Containing 1147 illustrations, and 397 pages of letter-press. 
Fourth edition, 4to, cloth, iSs» 
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A Treasury of Domestic Beceipts and Guide for Home Management. 

PRINCIPAL CONTENTS. 

Hints for selectiner a arood House, pointing out the essential requirements for 
a' good house as to the Site, Soil, Trees, Aspects Construction, and General Arrangement ; 
with instructions for Reducing Edioes, Waterproofing Damp Walls, Curing Damp Cellars. 

Sanitation-— What shQuld constitute a good Sanitary Arrangement : Examples (with 
illustrations) of Well- and Ill-drained Houses ; How to Test Drains ; Ventilating Pipes, etc. 

Water Supply. — Care of Cisterns ; Sources of Supply ; Pipes ; Pumps ; Purification 
and Filtration of Water. 

Ventilation and Warmingr.— Methods of Ventilating without causing cold 
draughts, by various means ; Principles of Wanning ; Health Questions ; Combustion : Open 
Grates ; Open Stoves ; Fuel Economisers ; Varieties of Grates ; Close-Fire Stoves ; Hot-air 
Furnaces ; Gas Heating ; Oil Stoves : Steam Heating'; Chemical Heaters ; Management of 
Flues ; and Cure of Smoky Chimneys. 

liigrlltinfir. — ^The best methods of Lighting ; Candles, Oil Lamps, Gas, Incandescent 
Gas, Elec^ic Light ; How to test Gas Pipes ; Management of Gas. 

Furniture and Decoration. — Hints on the Selection of Furniture ; on the most 
approved methods of Modern Decoration ; on the best methods of arranging Bells and Calls; 
How to Construct an Electric Bell. 

Thieves and Fire.— Precautions against Thieves and Fire ; Methods of Detection ; 
Domestic Fire Escapes ; Fireproofing Clothes, etc. 

The liarder.— Keeping Food fresh for a limited time ; Storing Food without change, 
such as Fruits, Vegetables, Eggs, Honey, etc. 

Curing: Foods for lengrthened Preservation, as Smoking, Saltmg, Canning, 
Potting, Pickling, Bottling Fruits, etc. ; Jams, Jellies, Marmalade, etc. 

The Dairy. — The Building and Fitting of Dairies in the most approved modem style ; 
Butter-making ; Cheesemaking and Curing. : 

The Cellar. — Building and Fitting ; Cleaning Casks and Bottles ; Corks and Corking ; 
A'drated Drinks ; Syrups for Drinks ; Beers ; Bitters ; Cordials and Liqueurs ; Wines ; 
Miscellaneous Drinks. 

The Pantry. — Bread-making ; Ovens and Pyrometers ; Yeast ; German Yeast ; 
Biscuits; Cakes; Fancy Breads; Buns. 

The Kitchen.— On Fitting Kitchens ; a description of the best Cooking Ranges, close 
and open ; the Management and Care of Hot Plates, Baking Ovens, Dampers, Flues, and 
Chimneys; Cooking by Gas; Cooking by Oil; the Arts of Roasting, Grilling, Boiling, 
Stewing, Braising, Frying. 

Receipts for Dishes —Soups, Fish, Meat, Game, Poultry, Vegetables, Salads, 
Puddings, Pastry. Confectionery, Ices, etc., etc. ; Foreign Dishes. 

The Housewife's Room.— Testing Air, Water, and Foods ; Cleaning and Renovat- 
ing ; Destroying Vermin. 

Housekeepingr, Marketing:. 

The Diningr-Boom.— Dietetics ; Laying and Waiting at Table : Carving ; Dinners, 
Breakfasts, Luncheons, Teas, Suppers, etc. 

The Drawingr-Boom.— Etiquette ; Dancing; Amateur Theatricals; Tricks and 
Illusions ; Games (indoor). 

The Bedroom and Dressmg-Room ; Sleep; tlie Toilet; Dress; Buying Clothes; 
Outfits; Fancy Dress. 

The Nursery.— The Room ; Clothing ; Washing ; Exercise ; Sleep ; Feeding ; Teeth- 
ing ; Illness ; Home Training. 

The Sick-Boom.— The Room ; the Nurse ; the Bed ; Sick Room Accessories; Feeding 
Patients ; Invalid Dishes and Drinks ; Administering Physic ; Domestic Remedies ; Accidents 
and Emergencies ; Bandaging; Burns; Carrying Injured Persons; Wounds; Drowning; Fits; 
Frost-bites; Poisons and Antidotes ; Sunstroke; Common Complaints ; Disinfection, etc. 
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The Batll-Rooni. — Bathing in General ; Management of Hot-Water System. 

^ The Iiaundry. — Small Domestic Washing Machines, and methods of getting up linen ; 
Fitting up and Working a Steam Laundry. 

The School-Boom.— The Room and its Fittings ; Teaching, etc. 

The Playgrround. — ^Air and Exercise; Training ; Outdoor Games and Sports. 

The Workroom. — Darning, Patching, and Mending Garments. 

The Iiihrary.— Care of Books. 

The Qarden.— Calendar of Operations for ^Lawn, Flower Garden, and Kitdiea 
Garden. 

The Farmyard— Management of the Horse, Cow, Pig, Poultry, Bees, etc., etc. 

Sm,all ICotors.— A description of the various small Engines useful for domestic 
purposes, from z rnan to i horse power, worked by various methods, such as Electric 
Engines, Gas Engines, Petroleum Engines, Steam Engines, Condensing Engines, Water 
Power, Wind Power, and the various methods of working and managing them. 

Household Ijaw. — ^Tbe Law relating to Landlords and Tenants, Lodgers, Servants, 
Parochial Authorities, Juries, Insurance, Nuisance, etc 

On Designing Belt Gearing. By E. J. Cowling 

Welch, Mem. Inst. Mecli. Engineers, Author of 'Designing Valve 
Gearing.* Fcap. 8vo, sewed, 6^. 

A Handbook of Formulcs, Tables, and Memoranda^ 

for Architectural Surveyors and others engaged in Building, By J. T. 
Hurst, C.E. Fourteenth edition, royal 32mo, roan, Sj. 

^ *' It is no disparagement to the many excellent publications we refer to, to say that in our 
opinion this little pocicet-book of Hurst's is the very best of them all, without any exception. 
It would be useless to attempt a recapitulation of the contents, for it appears to contain aJmost 
everything that anyone connected with building could require, and, best of all, made up in a 
compact form for carrying in the pocket, measuring only 5 in. by ^ in., and about \ in. thidc, 
in a limp cover. We congratulate the author on the success of his laborious and practically 
compiled little book, which has received unqualified and deserved praise from every profes- 
sional person to whom we have shown 'it."—TAe Dublin Builder, 

Tabulated Weights of Angle, Tee, Bulb, Rounds 

Square, and Flat Iron and Steel, and other information for the use of 
Naval Architects and Shipbuilders. By C. H. Jordan, M.LN.A. Fourth 
edition, 32mo, cloth, 2j. 6df. 

A Complete Set of Contract Documents for a Country 

Lodge, comprising Drawings, Specifications, Dimensions (for quantities). 
Abstracts, Bill of Quantities, Form of Tender and Contract, with Notes 
by J. Leaning, printed in facsimile of the original documents, on single 
sheets fcap., in paper case, loj'. 



A Practical Treatise on Heat, as applied to the 

Useful Arts; for the Use of Engineers, Architects, &c. Bjr Thomas 
Box. Wkh 1^ plates. Third edition, crown 8vo, cloth, I2j. dd. 



A Descriptive Treatise on Mathematical Drawing 

Instruments: their construction, uses, qualities, selection, preservation, 
and suggestions for improvements, with hints upon Drawing and Colour- 
ing. By W. F. Stanley, M.R.I. Fifth edition, with numerous illmtrations, 
crown 8vo, cloth, 5J. 
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Quantity Surveying. By J. Leaning. With 42 illus- 
trations. Second edition, revised, crown 8vo, cloth, 9/. 

Contents : 



A complete Explanation of the London 

Fractioe. 
General Instructions. 
Order of Taking Off. 

Modes of Measurement of the various Trades. 
Use and Waste. 
Ventilation and Warming. 
Credits, with various Examples of Treatment. 
Abbreviations. 
Squaring the Dimendons. 
Abstractmg, with Examples in illustration of 

each Trade. 
Billing. 

Examples of Preambles to each Trade. 
Form for a Bill of Quantities. 
Do. Bill of Credits. 
Do. Bill for Alternative Estimate. 
Restorations and Repairs, and Form of Bill. 
Variations before Acceptance of Tender. 
Errors in a Builder's Estimate. 



Schedule of Prices. 

Vonn. of Schedule of Prices. 

Analysis of Schedule of Prices. 

Adjustment of Accounts. 

Form of a Bill of Variations. 

Remarks on Specifications. 

Prices and Valuation of Work, with 

Examples and Remarks upon each Trade. 
The Law as it affects Quantity Surveyors, 

with Law Reports. 
Taking Off after the Old Method. 
Northern Practice. 
The General Statement of the Methods 

recommended l>y the Manchester Society 

of Architects for taking Quantities. 
Examples of Collections. 
Examples of " Taking Off" in each Trade. 
Remarks on the Past and Present Methods 

of Estimating. ~^ 



Span^ Architects^ and Builders Price Book, with 

useful Memoranda, Edited by W. Young, Architect. Crown 8vo, cloth, 
red edges, y. 6d, Published annually. Sixteenth edition. Now ready, 

Long-Span Railway Bridges, comprising Investiga- 
tions of the Comparative Theoretical and Practical Advantages of the 
various adopted or proposed Type Systems of Constraction, with numerous 
Formulae and Tables giving the weight of Iron or Steel required in 
Bridges from 300 feet to the limiting Spans ; to which are added similar 
Investigations and Tables relating to Short-span Railway Bridges. Second 
and revised edition. By B. Baker, Assoc. Inst. C.E. Plates, crown 8vo, 
cloth, 5^. 

Elementary Theory and Calculation of Iron Bridges 

and Roofs, By August Ritter, Ph.D., Professor at the Polytechnic 
School at Aix-la-Ch^pelle. Translated from the third German edition, 
by H. R. Sankey, Capt. R.E. With 500 illustrations, 8vo, cloth, i^s. 

The Elementary Principles of Carpentry, By 

Thomas Tredgold. Revised from the original edition, and partly 
re- written, by John Thomas Hurst. Contained in 517 pages of letter- 
press, and illustrated with 48 plates and 150 wood engravings. Sixth 
edition, reprinted from the third, crown 8vo, cloth, I2j. 6^. 

Section I. On the Equality and Distribution of Forces — Section II. Resistance of 
Timber— Section III. Construction of Floors— Section IV. Construction of Roofs — Sec- 
tion V. Construction of Domes and Cupolas— Section VI. Construction of Partitionr— ^^ 
Section VII. Scaffolds, Staging, and Gantries — Section VIII. Construction of Centres for 
Bridges — Section IX. Coffer-dams, Shoring, and Strutting — Section X. Wooden Bridges 
and Viaducts— Section XI. Joints, Straps, and other Fastenings— Section XII. Timber. 
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The Builders Clerk : a Guide to the Management 

of a Builder's Business. By Thomas Bales. Fcap. Syo, doth, is, 6d, 

Our Factories^ Workshops^ and Warehouses: their 

Sanitary aud Fire-Resisting Arrangements. By B. H. Thwaite, Assoc. 
Mem. Inst C.E. WUh 183 wood engravings^ crown Svo, cloth, gir. 

Gold: Its Occurrence and Extraction, embracing the 

Geographical and Geological Distribution and the Mineralogical Charac- 
ters of Gold-bearing rodcs ; the peculiar features and modes of working 
Shallow Placers, Rivers, and Deep Leads ; Hydraulicing ; the Reduction 
and Separation of Auriferous Quartz ; the treatment of complex Auriferous 
ores containing other metals ; a Bibliography of the subject and a Glossary 
of Technical and Foreign Terms. By Alfred G. Lock, F.R.G.S. With 
numerous illustrations and maps^ 1250 pp., super-royal 8vo, cloth, 
2/. I2J. td. 

Iron Roofs : Examples of Design, Description. Illus- 

traied with 64 Working Drawings of Executed Roofs, By Arthur T. 
Walmisley, Assoc. Mem. Inst C.E. Second edition, revised, imp. 4to, 
half-morocco, 3/. y, 

A History of Electric Telegraphy, to the Year 1837. 

Chiefly compiled from Original Sources, and hitherto Unpublished Docu- 
ments, by J. J. Fahie, Mem. Soc. of Tel. Engineers, and of the Inter- 
national Society of Electricians, Paris. Crown 8vo, doth, 9^. 

Spons* Information for Colonial Engineers. Edited 

by J. T. Hurst. Demy 8vo, sewed. 

No. I, Ceylon. By Abraham Deane, C.E. 2x. 6</. 

Contents : 

Introductory Remarks— Natural Productions— Architecture and Engineering ^Topo- 
graphy, Trade, and Natural History— Principal Stationsr-Weights and Measures, etc., etc. 

No. 2. Southern Africa, including the Cape Colony, Natal, and the 
Dutch Republics. By Henry Hall, F.R.G.S., F.R.C.L With 
Map. 3x. dd. 

Contents : 

General Description of South Africa— Physical Geography widi reference to Engiaeerine 
Operations — Notes 01 
Formation in South . 
Public 
Bridges, 
Enginee 
Draught PurposesF— Statistical Notes— Table of Distances— Rates of Carriage, etc. 

Na 3. India. By F. C. Danvers, Assoc. Inst C.E. With Map. 4^. 6^. 

Contents : 

Physical Geography of India— -Building Materials— Roads— Railways— Bridges— 'Irriga- 
tion — River Works — Harbours ^Lighthouse Buildings— Native Labour— The Principal 
Trees of India— Money— Weights and Measures— Glossary of Indian Teims, etc. 
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A Practical Treatise on Coal Mining. By George 

G. Andre, F.G.S., Assoc. Inst. C.E., Member of the Society of Engineers* 
With 82 lithographic plates, 2 vols., royal 4to, cloth, 3/. I2r. 

A Practical Treatise on Casting and Foundings 

including descriptions of the modem machinery employed in the art. By 
N. E. Spretson, Engineer. Third edition, with 82 plates drawn to- 
scale, 412 pp., demy 8vo, cloth, \%s. 

The Depreciation of Factories and their Valuation^ 

By EwiNG Matheson, M. Inst. C.E. 8vo, cloth, 6j. 

A Handbook of Electrica^l Testing, By H. R. Kempe^ 

M.S.T.E. Fourth edition, revised and enlarged, crown 8vo, cloth, i6j. 

Gas Works : their Arrangement, Construction, Plant,. 

and Machinery. By F. Colyer, M. Inst. C.E. fVith ^i folding plates, 
8vo, cloth, 24;. 

The Clerk of Works: a Vade-Mecum for all engaged 

in the Superintendence of Building Operations. By G. G. Hoskins,. 
F.R.I.B.A. Third edition, fcap. 8vo, cloth, is, 6ei, 

American Foundry Practice: Treating of Loam, 

Dry Sand, and Green Sand Moulding, and containing a Practical Treatise 
upon the Management of Cupolas, and the Melting of Iron. By T. D. 
West, Practical Iron Moulder and Foundry Foreman. Second edition, 
with numerotis illustrations^ crown 8vo, cloth, lOf. dd. 

The Maintenance of Macadamised Roads. By T. 

CODRINGTON, M.I.C.E, F.G.S., General Superintendent of County Roads 
for South Wades. 8vo, cloth, 6x. 

Hydraulic Steam and Hand Power Lifting and 

Pressing Machinery, By Frederick Colyer, M. Inst C.E., M. Inst. M.E. 
With '^ji plates, 8vo, cloth, i&r. 

Pumps and Pumping Machinery. By F. Colyer, 

M.I.C.E., M.I.M.E, With 2^ folding plates, 8vo, cloth, I2J. 6^. 

Pumps and Pumping Machinery. By F. Colyer. 

Second Part. With ii large plates, 8vo, cloth, izs. 6d, 

A Treatise on the Origin^ Progress, Prevention, and 

Cure of Dry Rot in Timber; with Remarks on the Means of Preserving 
Wood from Destruction by Sea- Worms, Beetles, Ants, etc. By Thomas 
Allen Britton, late Surveyor to the Metropolitan Board of Works, 
etc, etc. With 10 plates, crown Svo, cloth, yj. dd. 
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The Municipal and Sanitary Engineer s Handbook. 

By H. Percy Boulnois, Mem. Inst. C.E., Borough Engineer, Ports- 
mouth. With numerous illustrations^ demy 8vo, cloth, I2j. 6<f. 

Contents : 

The Appointment and Duties of the Town Surveyor — ^Traffic— Macadamised Roadways- 
Steam Rolling-r-Road*Metal and Breaking — Pitched Pavements — Asphalte — ^Wood Pavements 
— Footpaths — Kerbs and Gutters— Street Naming and Numbering— Street Lighting— Sewer- 
age— Ventilation of Sewers — Disposal of Sewage — House Drainage — ^Disinfection— Gas and 
Water Companies, etc., Breaking up Streets — Improvement of Private Streets — Borrowing 
Powers — ^Artizans' and Labourers' Dwellings — Public Convenicnces^-Scavenging, including 
Street Oeansing— Watering and the Removing of Snow— Plantinj^ Street Trees — Deposit of 
Plans— Dangerous Buildings— Hoardings— Obstructions — Improvme Street Lines — Cellar 
Openings — Public Pleasure Grounds— Cemeteries — Mortuaries — Cattle and Ordinary Markets 
—Public Slaughter-houses, etc— Giving numerous Forms of Notices, Specifications,- and 
General Information upon these and other subjects of great importance to Municipal Engi- 
neers and others engaged in Sanitary Work. 

Metrixal Tables. By G. L. Molesworth, M.I.C.E. 

32mo, doth, \s. 6d, 

Contents. 

General— Linear Measures — Square Measures — Cubic Measures^-Measures of Capacity— 
Weights— Combinations— Thermometers. 

Elements of Construction for Electro-Magnets. By 

Count Th. Du MoNCELj Mem. de Tlnstitut de France. Translated from 
the French by C. J. Wharton. Crown Svo, cloth, 4^. 6^. 

Practical Electrical Units Popularly Explained^ with 

numerous illustrations and Remarks. By James Swinburne, late of 
J. W. Swan and Co., Paris, late of Brush- Swan Electric Light Company, 
U.S.A. i8mo, cloth, \s, td, 

A Treatise on the Use of Belting for the Transmis- 
sion of Power. By J. H. Cooper. Second edition, illustrated^ Svo, 
cloth, 15^. 

A Pocket-Book of Useful Formula and Memoranda 

for Civil and Mechanical Engineers, By Guilford L. Molesworth, 
Mem. Inst. C.E., Consulting Engineer to the Government of India for 
State Railways. With numerous illustrations^ 744 pp. Twenty-second 
edition, revised and enlarged, 32mo, roan, 6j'. 

Synopsis of Contents: 

Surveying, Levelling, etc.— Strength and Weight of Materials— Earthwork, Brickwork, 
Masonry, Arches, etc.— Struts, Columns, Beams, and Trusses— Flooring, Roofing, and Roof 
Trusses— Girders, Bridges, etc. — Railways and Roads— Hydraulic Formulae— Canals. Sewers, 
Waterworks, Docks — Irrigation and Breakwaters — Gas, Ventilation, apd Warming— Heat, 
Light, Colour, and Sound— Gravity : Centres, Forces, and Powers — Millwork, Teeth of 
Wheels, Shafting, etc.— Workshop Recipes — Sundry Machinery— Animal Power— Steam and 
the Steam Engine — ^Water-power, Water-wheels, Turbines, etc. — ^Wind and Windmills- 
Steam Navigation, Ship Building, Tonnage, etc.— <}unnery, Projectiles, etc.— Weights, 
Measures, and Money — ^Trigonometry, Conic Sections, and Curves— Telegraphy— Mensura- 
tion— Tables of Areas and Circumference, and Arcs of Circle.<»— Logarithms, Square and 
Cube Roots, Powers — Reciprocals, etc. — Useful Numbers— Differential and Integral Calcu- 
lus—Algebraic Signs — ^Telegraphic Construction and Formulae. 
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Hints on Architectural Draughtsmanship. By G. W. 

TuxFORD Hallatt. Fcap. 8vo, cloth, u. 6</. 

Sponi Tables and Memoranda for Engineers; 

selected and arranged by J. T. Hurst, C.E., Author of 'Architectural 
Surveyors' Handbook,' 'Hurst's Tredgold's Carpentry,' etc Ninth 
edition, 641110, roan, gUt edges, is, ; or in cloth case, u. td. 
This work is printed in a pearl type, and is so small, measuring only 2^ in. liy xf in. by 
i in. thick, that it may be easuy earned in the waistcoat pocket. 

*' It is certainly an extremely rare thing for a reviewer to be called upon to notice a volume 
measuring but ai in. by if in., yet these dimensions faithfully represent the size of the handy 
little book before us. The volume— which contains zx8 printed pages, besides a few blank 
pages for memoranda— b, in fact, a true pocket-book, adapted for being earned in the waist- 
coat pocket, and containing a far greater amount and variety of information than most people 
would imagine could be compressed into so small a space. .... The little volume has been 
compiled with considerable care and judgment, and we can cordially recommend it to our 
readers as a useful little pocket companion." — Engineering, 

A Practical Treatise on Natural and Artificial 

Concrete, its Varieties and Constructive Adaptations. By Henry Reid, 
Author of the * Science and Art of the Manufacture of Portland Cement.' 
New Edition, with 59 woodcuts and ^ plates, 8vo, cloth, 15^. 

Notes on Concrete and Works in Concrete; especially 

written to assist those engaged upon Public Works. By John Newman, 
Assoc. Mem. Inst. C.E., crown 8vo, cloth, 4J. 6^. 

Electricity as a Motive Power. By Count Th. Du 

MoNCEL, Membre de I'Institut de France, and Frank Geraldy, Inge- 
nieur des Ponts et Chauss^es. Translated and Edited, with Additions, by 
C. J. Wharton, Assoc Soc. TeL Eng. and Elec IViih 113 engravings 
and diagrams, crown 8vo, cloth, 7^. 6?. 

Treatise on Valve-Gears, with special consideration 

of the Link-Motions of Locomotive Engines. By Dr. Gustav Zeuner, 
Professor of Applied Mechanics at t'he Confederated Polytechnikum of 
Zurich. Translated from the Fourth German Edition, by Professor J. F. 
Klein, Lehigh University, Bethlehem, Pa. Illustrated, 8vo, cloth, 12s. 6d. 

The French 'Polishers Manual. By a French- 

Polisher; containing Timber Staining, Washing, Matching, Improving, 
Painting, Imitations, Directions for Staining, Sizing, Embodying, 
Smoothing, Spirit Varnishing, French-Polishing, Directions for Re- 
polishing. Third edition, royal 32mo, sewed, (id. 

Hops, their Cultivation, Commerce, and Uses in 

various Countries. By P. L. SiMMONDS. Crown 8vo, doth, 4J. 6</. 

The Principles of Graphic Statics. By George 

Sydenham Clarke, Capt Royal Engineers. With 112 illustrations. 
4to, doth, i2s. 6d. 
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Dynamo-Electric Machinery : A Manual for Students 

of Electro-technics. By Silvanus P. Thompson, B. A., D.Sc, Professor 
of Experimental Physics in University College, Bristol, etc., etc. Third 
edition, illustrated, 8vo, cloth, i6j'. 

Practical Geometryy Perspective^ and Engineering 

Drawing; a Course of Descriptive Geometry adapted to the Require- 
ments of the Engineering Draughtsman, including the determination of 
cast shadows and Isometric Projection, each chapter being followed by 
numerous examples ; to which are added rules for Shading, Shade-lining, 
etc., together with practical instructions as to the Linmg, Colouring, 
Printing, and general treatment of Engineering Drawings, with a chapter 
on drawing Instruments. By George S. Clarke, Capt. R.E, Second 
edition, with 21 plates, 2 vols., cloth, lOJ. 6rf'.* 

The Elements, of Graphic Statics. By Professor 

Karl Von Ott, translated from the German by G. S. Clarke, Capt. 
R.E., Instructor in Mechanical Drawing, Royal Indian Engineering 
College. With 93 illustrations^ crown 8vo, cloth, Sj. 

A Practical Treatise on the Manufacture and Distri- 
bution of Coal Gas, By William Richards. Demy 4to, with numerous 
wood eiigi'avings and 29 plates, cloth, 28j. 

Synopsis of Contents : 

Introduction^ History of Gas Lighting — Chemistry of Gas Manufacture, by Lewis 
Thompson, Esq., M.R.C.S. — Coal, with Analyses, by J. Paterson, Lewis Thompson, and 
G. R. Hislop, Esqrs. — Retorts, Iron and Clay— Retort Setting— Hydraulic Main — Con* 
densers — Exhausters— Washers and Scrubbers— Purifiers— Purification — History of Gas 
Holder — Tanks, Brick and Stone, Composite, Concrete, Cast-iron, Compound Annular 
Wrought-iron — Specifications — Gas Holders — Station Meter — Governor — Distribution — 
Mains— Gas Mathematics, or Formulae for the Distribution of Gas, by Lewis Thompson, Esq.— 
Services — Consumers* Meters — Regulators— Burners— Fittings— Photometer — Carburization 
of Gas— Air Gas and Water Gas— Composition of Coal Gas, by Lewis Thompson, Esq.— 
Analyses of Gas — Influence of Atmospheric Pressure and Temperature on Gas— Residual 
Products— Appendix— Description of Retort Settings, Buildings, etc., etc 

TJie New Formula for Mean Velocity of Discharge 

of Rivers and Canals, By W. R. Kutter. translated from articles in 
the * Cultiir-Ing^nieur,* by Lowis D'A. Jackson, Assoc. Inst. C.E. 
8vo, cloth, I2s, 6d, 

The Practical Millwright and Engineers Ready 

Reckoner; or Tables for finding the diameter and power of cog-wheels, 
diameter, weight, and power of shafts, diameter and strength of bolts, etc. 
By Thomas Dixon. Fourth edition, i2mo, cloth, 3J, 

Tin: Describing the Chief Methods of Mining, 

Dressing and Smelting it abroad ; with Notes upon Arsenic, Bismuth and 
Wolfram. By Arthur G. Charleton, Mem. American Inst, of 
Mining Engineers. With plates^ 8vo, cloth, 12s, 6d, 
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Perspective^ Explained and Illustrated. By G. S. \\ 

Clarke, Capt. R.E. With ilhtstraiions^ 8vo, cloth, 3J. 6</. ij/ 

Practical Hydraulics ; a Series of Rules and Tables \ 

for the use of Engineers, etci etc. By Thomas Box. Fifth edition, 1 

numerous plates^ post 8vo, cloth, 5J. * ! 

The Essential Elements of Practical Mechanics; 

based on the Principle of Work, designed for Engineering Students. 33y 
Oliver Byrne, formerly Professor of Mathematics, College for Civil 
Engineers. Third edition, with 148 wood engravings^ post 8vo, cloth, 
7j. 6d, 

Contents : 

Chap. I. How Work is Measured by a Unit, both with and without reference to' a Unit 
of Time — Chap. 2. The Work of Living Agents, the Influence of Friction, and introduces 
one of the most beautiful Laws of Motion — Chap. j. The princi^es expounded in the first and 
second chapters are applied to the Motion of Bodies— Chap. 4. The Transmission of Work by 
simple Machines— Chap. 5. Useful Propositions and Rules. 

Breweries and Mailings : their Arrangement, Con- 
struction, Machinery, and Plant By G. Scamell, F.R.I.B.A. Second 
edition, revised, enlarged, and partly rewritten. By F. Colyer, M.I.C.E., 
M.I.M.E. With 20plaies, 8vo, cloth, i8j. 

A Practical Treatise on the Construction of Hori- 
zontal and Vertical Waterwheels, specially designed for the use of opera- 
tive mechanics. By William Cullen, Millwright and Engineer. With 
II plates. Second edition, revised and enlarged, small 4to, doth, 12s, 6d, 

A Practical Treatise on Mill-gearing, Wheels, Shafts, 

Riggers, etc; for the use of Engineers. By Thomas Box. Third ' 
edition, with 1 1 plates. Crown 8vo, cloth, *js, 6d. 

Mining Machinery: a Descriptive Treatise on the 

Machinery, Tools, and other Appliances used in Mining. By G, G. 
Andr^, F.G.S., Assoc. Inst. C.E., Mem. of the Society of Engineers. 
Royal 4to, uniform with the Author's Treatise on CoaJ Mining, con- 
taining 182 plates, accurately drawn to scale, with descriptive text, in 
2 vols., cloth, 3/. I2J. ■ ' 

Contents : 

Machinery for Prospecting, Excavating, Hauling, and Hoisting— Ventilation— Pumping— • 
Treatment of Mineral Ptoducts, including Gold and Silver, Copper, Tin, and Lead, Iron 
Coal, Sulphur, China Clay, Brick Earth, etc. 

Tables for Setting out Curves for Railways, Canals, 

Roads, etc, varying from a radius of five chains to three miles. By A. 
Kennedy and R. W. Hackwood. Illustrated, 32mo, cloth, 2s. 6d, 
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The Science and Art of the Maniifacture of Portland 

Cement^ with observations on some of its constructive applications. With 
66 illustrations. By Henry Reid, C.E., Author of *A Practical 
Treatise on Concrete,' etc., etc. 8vo, cloth, i8j. 

The Draughtsman s Handbook of Plan and Map 

Drawing; including instructions for the preparation of Engineering, 
Architectural, and Mechanical Drawings. With numerous illustrations 
in the text, and 33 plates (15 printed in colours). By G. G. Andre, 
F.G.S., Assoc. Inst. C.E, 4to, cloth, 9J. 

Contents : 

The Drawing Office and its Furnishings — Geometrical Problems— Lines, Dots, and their 
Conibinations — Colours, Shading, Lettering, Bordering, and North Points — Scales — Plotiine 
— Civil Engineers' and Surveyors' Plans — Map Drawing — Mechanical and Architectural 
Drjfwing— Copying and Reducing Trigonometrical Forraulie, etc., etc. 

The Boiler-maker s andiron Ship-builders Companion^ 

comprising a series of original and carefully calculated tables, of the 
utmost utility to persons interested in the iron trades. By James Foden, 
imthor of ' Mechanical Tables,' etc. Second edition revised, with illustra^ 
iions^ crown 8vo, cloth, 5j. 

Rock Blasting: a Practical Treatise on the means 

employed in Blasting Rocks for Industrial Purposes. By G. G. Andr*:, 
F.G.S., Assoc. Inst. C.E. With 56 illustrations and 12 plates , 8vo, cloth, 
lOx, id. 

Painting and Painters Manual: a Book of Facts 

for Painters and those who Use or Deal in Paint Materials. By C. L* 
CoNDiT and J. Scheller, Ilhtstrated, 8vo, cloth, lar. 6d, 

A Treatise on Ropemaking as practised in public and 

private Rope-yards, with a Description of the Manufacture, Rules, Table.! 
of Weights, etc., adapted to the Trade, Shipping, Mining, Railways, 
Builders, etc. By R. Chapman, formerly foreman to Messrs. Huddart 
and Co., Limehouse, and late Master Ropemaker to H.M. Dockyard, 
Deptford. Second edition, i2mo, cloth, 3J. 

Laxtoiis Builders and Contractors Tables ; for the 

use of Engineers, Architects, Surveyors, Buildere, Land Agents, and 
others. Bricklayer, containing 22 tables, with nearly 30,000 calculations. 
4to, cloth, 5/. 

Laxtons Builders^ and Contractors* Tables, Ex- 
cavator, Earth, Land, Water, and Gas, containing 53 tables, with nearly 
24,000 calculations. 4to, cloth, 5^. 
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Sanitary Engineering: a Guide to the Construction 

of Works of Sewerage and House Drainage, with Tables for facilitating 
the calculations of the Engineer. By Baldwin Latham, C.E., M. InsL 
C.E., F.G.S., F.M.S., Past-President of the Society of Engineers. Second 
edition, with numerous plates and woodcuts^ 8vo, cloth, i/. lor. 

Screw Cutting Tables for Engineers and Machinists ^ 

giving the values of the different trains of Wheels required to produce 
Screws of any pitch, calculated by Lord Lindsay, M.P., F.R.S., F.R.A.S., 
etc. Cloth, oblong, 2j. 

Screw Cutting Tables^ for the use of Mechanical 

Engineers, showing the proper arrangement of Wheels for cutting the 
Threads of Screws of any required pitch, ^vith a Table for making- the 
Universal Gas-pipe Threads and Taps. By W. A. Martin, Engineer. 
Second edition, oblong, cloth, u., or sewed, dd, 

A Treatise en a Practical Method of Designing Slide- 

Valve Gears by Simple Geometrical Construction^ based upon the principles 
enunciated in Euclid's Elements, and comprising the various forms of 
Plain Slide- Valve and Expansion Gearing ; together with Stephenson's, 
Gooch's, and Allan's Link-Motions, as applied either to reversing or to 
variable expansion combinations. By Edward J. Cowling Welch, 
Memb. Inst. Mechanical Engineers. Crown 8yo, cloth, 6/, 

Cleaning and Scouring : a Manual for Dyers, Laun- 
dresses, and for Domestic Use. By S. Christopher. i8mo, sewed, 6d. 

A Glossary of Terms used in Coal Mining. By 

William Stukeley Gresley, Assoc. Mem. Inst. C.E., F.G.S., Member 
of the North of England Institute of Mining Engineers. Illustrated with 
numerous tvoodcuts and diagrams^ crown 8vo, cloth, 5j. 

A Pocket- Book for Boiler Makers and Steam Users, 

comprising a variety of useful information for Employer and Workman, 
Government Inspectors, Board of Trade Surveyors, Engineers in charge 
of Works and Slips, Foremen of Manufactories, and the general Steam- 
using Public. By Maurice John Sexton. Second edition, royal 
32mo, roan, gilt edges, 5j. 

Electrolysis: a Practical Treatise on Nickeling, 

Coppering, Gilding, Silvering, the Refining of Metals, and the treatment 
of Ores by means of Electricity. By Hippolyte Fontaine, translated 
from the French by J. A. Berly, C.E,, Assoc. S.T.E. With engravings, 
8vo, cloth, 9j, 



i 
s 



PUBLISHED BY K & F. N. SPON. 13 



Barlow's Tables of Squares^ CubeSy Square Roots, , 

Cube Roots, Reciprocals of all Integer Numbers up to 10,000. Post 8vo, 
cloth, 6j. 

A Practical Treatise on the Steam Engine, con- 
taining Flans and Arrangements of Details for Fixed Steam Engines, 
with £ssays on the Principles involved in Design and Construction. By 
Arthur Rigg, Engineer, Member of the Society of Engineers and of 
the Royal Institution of Great Britain. Demy 410, copiously illustrated 
with woodcuts and 96 plates^ in one Volume, half-bound morocco, 2/. zs, ; 
or cheaper edition, cloth, 25^. 

This work Is not, in any sense, an elementary treatise, or history of the steam engine, but 
is intended to describe examples of Fixed Steam Engines without entering into the wide 
domain of locomotive or marine practice. To this end illustrations will be given of the most 
recent arrangements of Horizontal, Vertical, Beam, Pumping, Winding, Portable, Semi- 
portable, Corliss, Allen, Compound, and other similar Engines, by the most eminent Firms in 
Great Britain and America. The laws relating to the action and precautions to be observed 
in the construction of the various details, such as Cylinders, Pistons, Piston-rods, Connecting- 
rods, Cross-heads, Motion-blocks, Eccentrics, Simple, Expansion, Balanced, and Equilibrium 
Slide-valves, and Valve-gearing will be minutely dealt with. In this connection will be found 
articles upon the Velocity of Reciprocating Parts and the Mode of Applying the Indicator, 
Heat and Expansion of Steam Governors, and the like. It is the writer's desire to draw 
illustrations from every possible source, and give only those rules that present practice deems 
correct. 

A Practical Treatise on the Science of Land and~ 

Engineering Surveying, Levelling, Estimating Quantities, etc, with a 
general description of the sevend Instruments required for Surveying, 
Levelling, Plotting, etc. By H. S. Merrett. Fourth edition, revised 
by G. W. UsiLL, Assoc. Mem. Inst. C.E. 41 plates, with illustrations 
and tables, royal 8vo, cloth, I2j, 6^, 

Principal Contents : 

Part X. Introduction and the Principles of Geometry. Part a. Land Surveying ; com- 
prising General Observations — ^The Chain — Offsets Surveying by the Chain only— Surveying 
Hilly Ground— To Survey an Estate or Parish by the Chain only — Surveying with the 
Theodolite— Mining and Town Surveying — Railroad Surveying— Mapping— Division and 
Laying out of Land— Observations on Enclosures — Plane Trigonometry. Part 3. Levelling— 
Simple and Compound Levelling— The Level Book — Parliamentary Plan and Section— 
Levelling with a Theodolite— Gradients— Wooden Curves— To Lay out a Railway Curve- 
Setting out Widths. Part 4. Calculating Quantities generally for Estimates— Cuttings and 
Embankments — Tunnels— Brickwork — Ironwork— Timber Measuring. Part 5. Description 
and Use of Instruments in Surveying and Plotting— The Improved Dumpy Level — ^Troughton's 
Level— The Prismatic Compass — Proportional Compass— Box Sextant— Vernier— Panta- 
graph — Merrett's Improved Quadrant — Improved Computation Scale— The Diap;onal Scale- 
Straight Edge and Sector. Part 6. Logarithms of Numbers — Logarithmic Sines and 
Co-Sines, Tangents and Co-Tangents— Natural Sines and Co-Sines— Tables for Earthwork, 
for Setting out Curves, and for various Calculations, etc, etc., etc. 

Health and Comfort in House Building, or Ventila- 
tion with Warm Air hy Self- Acting Suction Paiuer, with Review of the 
mode of Calculating the Draught in Hot- Air Flues, and with some actual 
Experiments. By J. Drysdale, M.D., and J. W. Hayward, M.D. 
Second edition, with Supplement, with plates, demy 8vo, cloth, 7^. 6d, 
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The Assayers Manual: an Abridged Treatise on 

the Docimastic Examination of Ores and Furnace and other Artificial 
Products. By Bruno Kerl* Translated by W. T. Brannt. With 65 
illustrations^ 8vo, cloth, 12s, 6d, 

Electricity: its Theory, Sources, and Applications. 

By J. T Sprague, M.S.T.E. Second edition, revised and enlarged, with 
numerous illustrations y crown 8vo, cloth, 15J. 

The Practice of Hand Turning in Wood, Ivory, Shell, 

etc., with Instructions for Turning such Work in Metal as may be required 
in the Practice of Turning in Wood, Ivory, etc. ; also an Appendix on 
Ornamental Turning. (A book for beginners.) By Francis Campin, 
Third edition, with luood engravings, crown 8vo, cloth, 6j. 

Contents : 

On Lathes— Turning Tools— Turning Wood — ^Drilling— Screw Cutting — Miscellaneous 
Apparatus and Processes — ^Tuming Particular Forms — Staining — Polishing— Spinning Metals 
—Materials — Ornamental Turning, etc. 

Treatise on Watchwork, Past and Present. By the 

Rev. H. L. Nelthropp, M.A., F.S.A. With 32 illustrations, crown 
8vo, cloth, 6j. 6^. 

Contents : 

Definitions of Words and Terms used in Watchwork — ^Tools — Time— Historical Sum- 
mary—On Calculations of the Numbers for Wheels and Pinions ; their Proportional Sizes, 
Trains, etc.— Of Dial Wheels, or Motion Work— Length of Time of Going without Winding 
up — The Verge— The Horizontal — ^The Duplex— The Lever— The Chronometer— Repeating 
Watches— Keyless Watches— ^The Pendulum, or Spiral Spring — Compensation — Jewelling of 
Pivot Holes^i^lerkcnwell — Fallacies of the Trade— Incapacity of Workmen— How to Choose 
and Use a Watch, etc. 

Algebra Self-Taught. By W. P. Higgs, M.A., 

D.Sc, LL.D., Assoc. Inst C.E., Author of * A Handbook of the Differ- 
ential Calculus,' etc. Second edition, crown 8vo, cloth, 2s, 6d, 

Contents : 

Symbols and the Signs of Operation— The Equation and the Unknown Quantity- 
Positive and Negative Quantities — Multiplication — Involution — Exponents — Negative Expo- 
nents — Roots, and the Use of Exponents^ as Logarithms — Logarithms — ^Tables of Logarithms 
and Proportionate Parts— Transformation of System of Logarithms — Common Uses of 
Common Logarithms — Compound Multiplication and the Binomial Theorem— Division, 
Fractions, and Ratio— Continued Proportion— The Series and the Summation of the Series- 
Limit of Series— Square and Cube Roots— Equations— List of Formulae* etc. 

Sponi Dictionary of Engineering, Civil, Mechanical, 

Military^ and Naval; with technical terms in French, German, Italian, 
and Spanish, 3100 pp., and nearly 8000 engravings, in super-royal 8vo, 
in 8 divisions, 5/. is. Complete in 3 vols., cloth, 5/. ^s. Bound in a 
superior maimer, half-morocco, top edge gilt, 3 vols., 6/. 12s, 
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Notes in Mechanical Engineering. Compiled prin- 
cipally for the use of the Students attending the Classes on this subject at 
the City of London College. By Henry Adams, Mem. Inst. M.E., 
Mem. Inst. C.E., Mem. See. of Engineers. Crown 8vo, cloth, 2.% 6d, 

Canoe and Boat Building: a complete Manual for 

Amateurs, containing plain and comprehensive directions for the con- 
struction of Canoes, Rowing and Sailing Boats, and Hunting Craft. 
By W. P. Stephens. With numerous illustrations and 24 plates of 
Working Drawings, Crown 8vo, cloth, 7^. 6</. 

Proceedings of the National Conference of Electricians^ 

Philadelphia^ October 8th to 13th, 1884. i8mo, cloth, y. 

Dynamo - Electricity^ its Generation, Application, 

Transmission, Storage, and Measurement. By G. B. Prescott. With 
545 illustrations, 8vo, cloth, \l. is. 

Domestic Electricity for Amateurs. Translated from 

the French of E. Hospitalier, Editor of "L'Electricien," by C. J. 
Wharton, Assoc. Soc. Tel. Eng. Numerous illustrations. Demy 8vo, 
cloth, 9x. 

Contents : 

z. Production of the Electric CurreDt~2. Electric Bells— 3. Automatic Alarms — 4. Domestic 
Telephones — 5. Electric Clocks — 6. Electric Lighters — 7. Domestic Electric Lighting— 
8. Domestic Application of the Electric Light— 9. Electric Motors— zo. Electrical Locomo- 
tion — zz. Electrotypiilg, Plating, and Gilding— za. Electric Recreations— zj. Various appli' 
cations — Workshop of the Electrician. 

Wrinkles in Electric Lighting. By Vincent Stephen. 

With illustrations, l8mo, cloth, zr. (id. 

Contents : 

t. The Electric Current and its production by Chemical means— 3. Production of Electric 
Currents by Mechanical means — 3. Dynamo*£lectric Machines— 4. Electric Lamps— 
5. Lead— 6. Ship Lighting. 

The Practical Flax Spinner ; being a Description of 

the Growth, Manipulation, and Spinning of Flax and Tow. By Leslie 
C. Marshall, of Belfast. With illustrations, 8vo, cloth, 15J. 

Foundations and Foundation Walls for all classes of 

Buildings^ Pile Driving, Building Stones and Bricks, Pier and "Wall 
construction. Mortars, Limes, Cements, Concretes, Stuccos, &c. 64 illus' 
trations. By G. T. Powell and F. Bauman. 8vo, cloth, \os, 6d, 
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Manual for Gas Eftgineering Students. By D. Lee. 

iSmo, cloth is. 

Hydraulic Machinery, Past and Present. A Lecture 

delivered to the London and Suburban Railway Officials' Association. 
By H. Adams, Mem. Inst. C.E. Folding plate. 8vo, sewed, is. 

Twenty Years with the Indicator. By Thomas Pray, 

Jun., C.E., M.E., Member of the American Society of Civil Engineers.. 
2 vols., royal 8vo, cloth, \2s, 6cl, 

Annual Statistical Report of the Secretary to the 

Members of the Iron and Steel Association on the Home and Foreign Iron 
and Steel Industries in 1884. Issued March 1885. 8vo, sewed, 5x. 

Bad Drains^ and How to Test them ; with Notes on 

the Ventilation of Sewers, Drains, and Sanitary Fittings, and the Origin 
and Transmission of Zymotic Disease. By R. Harris Reeves. Crown 
8vo, cloth, 3^". 6d. 

Well Sinking. The modern practice of Sinking 

and Boring Wells, with geological considerations and examples of Wells. 
By Ernest Spon, Assoc. Mem. Inst. C.E., Mem. Soc. Fng., and of the 
Franklin Inst., etc. Second edition, revised and enlarged. Crown 8vo, 
cloth, los, 6d. 

Pneumatic Transmission of Messages and Parcels 

betiveen Paris and London^ via Calais and Dover. By J. B. Berlier, 
C.E. Small folio, sewed, 6r/. 

List of Tests {Reagents)^ arranged in alphabetical 

order, according to the names of the originators. Designed especially 
for the convenient reference of Chemists, Pharmacists, and Scientists, 
By Hans M. Wilder. Crown 8vo, cloth, 4^. (>d. 

Ten Years Experience in Works of Intermittent 

D(nvnward Filtration. By J. Bailey Denton, Mem. Inst. C.E. 
Second edition, with additions. Royal 8vo, sewed, \s. 

A Treatise on the Manufacture of Soap and Candles^ 

Lubricants and Glyceiin. By W. Lant Carpenter, B.A., B.Sc. (late 
of Messrs. C. Thomas and Brothers, Bristol). With illustrations. Crown ' 
8vo, cloth, los.dd. 
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The Stability of Ships explained simply^ and calculated 

by a new Graphic nuthod. By J. C. Spence, M.I.N.A. 4to, sewed, 

Steam Makings or Boiler Practice. By Charles A. 

Smith, C.E. 8vo, cloth, lar. dd. 

Contents : 

z. The Nature of Heat and the Properties of Steam — a. Combustion.^. Externally Fired 
Stationary Boilers — t^ Internally Fired Stationary Boilers — 5. Internally Fired Portable 
Locomotive and Marine BoiIers--6. Design, Construction, and Strength of Boilers— 7. Pro- 
portions of Heating Surface, Economic Evaporation, Explosions— 8. Miscellaneous Boilers, 
Choice of Boiler Fittings and Appurtenances. 

The Fireman s Guide ; a Handbook on the Care of 

Boilers. By Teknolog, foreningen T. I. Stockholm. Translated from 
the third edition, and revised by Karl P. Dahlstrom, M.E. Second 
edition. Fcap. 8vo, cloth, zr. 

A Treatise on Modern Steam Engines and Boilers, 

including Land Locomotive, and Marine Engines and Boilers, for the 
use of Students. By Frederick Colyer, M. Inst. C.E., Mem. Inst M.E. 
With '^^ plates. 4to, cloth, 25 j. 

Contents : 

' X. Introduction — 3. Original Engines— 3. Boilers— 4. Hi|;h-Pressure Beam Engines — 5. 
Cornish Beam Engines — 6. Horizontal Engines — 7. Oscillating Engines — 8. Vertical High- 
Presfure Engines — 9. Special Engines — zo. Portable Engines— zz. Locomotive Engines— 
13. Marine E^ogines. 

Steam Engine Management; a Treatise on the 

Working and Management of Steam Boilers. By F. CoLYER, M. Inst 
C.E., Mem. Inst. M.£. i8mo, cloth, 2s, 

m 

Land Surveying on the Meridian and Perpendicular 

System, By William Penman, C.E. 8vo, cloth, Zs. 6d, 

The Topographer, his Instruments and Methods, 

designed for the use of Students, Amateur Photographers, Surveyors, 
Engineers, and all persons interested in the location and construction of 
works based upon Topography. Illustrated with numerous plates, maps, 
and engravings. By Lewis M. Haupt, A.M. 8vo, cloth, \%s. 

A Text-Book of Tanning, embracing the Preparation 

of all kinds of Leather. By Harry R. Proctor, F.C.S., of Low Lights 
Tanneries. With illustrations. Crown 8vo, doth, xar. 61/. 
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A SUPPLEMENT 



TO 



SPONS' DICTIONARY OF ENGINEERING. 

Edited by ERNEST SPON, Memb. Soc. Engineers. 



Abacus, Counters, Speed 
Indicators, and Slide 
Rule. 

Agricultural Implements 
and Machinery. 

Air Compressors. 

Animal Charcoal Ma- 
chinery. 

Antimony. 

Axles and Axle-boxes. 

Bam Machinery. 

Belts and Belting. 

Blasting. Boilers. 

Brakes. 

Brick Machinery. 

Bridges. 

Cages for Mines. 

Calculus, Differential and 
Integral. 

Canalsk 

Carpentry. 

Cast Iron. 

Cement, Concrete, 
Limes, and Mortar. 

Chimney Shafts. 

Coal Cleansing and 
Washing, 



Coal Mining. 

Coal Cutting Machines. 

Coke Ovens. Copper. 

Docks. Drainage. 

Dredging Machinery. 

D3mamo - Electric and 
Magneto-Electric Ma- 
chines. 

Dynamometers. 

Electrical Engineering, 
Telegraphy, Electric 
Lighting and its prac- 
ticaldetailsjTelephones 

Engines, Varieties of. 

Explosives. Fans. 

Founding, Moulding and 
the practical work of 
the Foundry. 

Gas, Manufacture of. 

Hammers, Steam and 
other Power. 

Heat. Horse Power. 

Hydraulics. 

Hydro-geology. 

Indicators. Iron. 

Lifts, Hoists, and Eleva- 
tors. 



Lighthouses, Buoys, and 
Beacons. 

Machine Tools. 

Materials of Construc- 
tion. 

Meters. 

Ores, Machinery and 
Processes employed to 
Dress. 

Piers. 

Pile Driving. 

Pneumatic Transmis- 
sion. 

Pumps. 

Pyrometers. 

Road Locomotives. 

Rock Drills. 

Rolling Stock. 

Sanitary Engineering. 

Shafting. 

Steel. 

Steam Navvy. 

Stone Machinery. 

Tramways. 

Well Sinking. 



London: E. & F. N. SPON, 126, Strand. 
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NOW COMPLETE. 

IVilA nearly 1500 iiluslrations, in super-royal 8vo, in 5 Divisions, cloth 
Diyisions i to 4, 13X. 6d, each ; Division $> iTs* 6^. ; or 2 vols., cloth, £^ los, 

SPONS' ENCYCLOPAEDIA 



OFTHB 



INDUSTRIAL ARTS, MANUFACTURES, AND COMMERCIAL 

PRODUCTS. 

Edited by C. G. WARNFORD LOCK, F.L.S. 

Among the more important of the subjects treated of, are the 
following :— 



Acids, 207 pp. 220 figs. 
Alcohol, 23 pp. 16 figs. 
Alcoholic Liqnors, 13 pp. 
Alkalies, 89 pp. 78 figs. 
Alloys. Alum. 

Asphalt. Assaying. 
Beverages, 89 pp. 29 figs. 
Blacks. 

Bleaching Powder, 15 pp. 
Bleaching, 51 pp. 48 figs. 
Candles, 18 pp. 9 figs. 
Carbon Bisulphide. 
Celluloid, 9 pp. 
Cements. Clay. 
Coal-tar Products, 44 pp. 

14 figs. 
Cocoa, 8 pp. 
Coffee, 32 pp. n figs. 
Cork, 8 pp. 17 figs. 
Cotton Manufactures, 62 

PP- 57 figs. 
Drugs, 38 pp. 

Dyeing and Calico 

Printing, 28 pp. 9 figs. 

Dyestuffs, 16 pp. 

Electro-Metallurgy, 13 

PP- 
Explosives, 22 pp. 33 figs. 

Feathers. 

Fibrous Substances, 92 

pp. 79 figs. 
Floor-cloth, 16 pp. 21 

figs. 
Food Preservation, 8 pp. 
Fruit, 8 pp. 



Fur, 5 pp. 

Gas, Coal, 8 pp. 

Gems. 

Glass, 45 pp. 77 figs. 

Gra'phite, 7 pp. 

Hair, 7 pp. 

Hair Manufactures. 

Hats, 26 pp. 26 figs. 

Honey. Hops. 

Horn. 

Ice, 10 pp. 14 figs. 

Indiarubber Manufac- 
tures, 23 pp. 17 figs. 

Ink, 17 pp. 

Ivory. 

Jute Manufactures, 1 1 
pp., II figs. 

Knitted Fabrics — 
Hosiery, 15 pp. 13 figs. 

Lace, 13 pp. 9 figs. 

Leather, 28 pp. 31 figs. 

Linen Manufactures, 16 
pp. 6 figs. 

Manures, 21 pp. 30 figs. 

Matches, 17 pp. 38 figs. 

Mordants, 13 pp. 

Narcotics, 47 pp. 

Nuts, 10 pp. 

Oils and Fatty Sub- 
stances, 125 pp. 

Paint. 

Paper, 26 pp. 23 figs. 

Paraffin, 8 pp. 6 figs. 

Pearl and Coral, 8 pp. 

Perfumes, 10 pp. 



Photography, 13 pp. 20 

figs. 
Pigments, 9 pp. 6 figs. 
Pottery, 46 pp. 57 figs. 
Printing ana Engraving, 

20 pp. 8 figs. 
Rags. 
Resinous and Gummy 

Substances, 75 pp. 16 

figs. 
Rope, 16 pp. 17 figs. 
Salt, 31 pp. 23 figs. 
Silk, 8 pp. 
Silk Manufactures, 9 pp. 

II figs. 
Skins, 5 pp. 
Small Wares, 4 pp. 
Soap and Glycerine, 39 

pp. 45 figs. 
Spices, 16 pp. 
Sponge, 5 pp. 
Starch, 9 pp. 10 figs. 
Sugar, 155 pp. 134 

figs. 
Sulphur. 
Tannin, 18 pp. 
Tea, 12 pp. 
Timber, 13 pp. 
Varnish, 15 pp. 
Vinegar, 5 pp. 
Wax, 5 pp. 
Wool, 2 pp. 
Woollen Manufactures^ 

58 pp. 39 figs. 
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WORKSHOP RFXEIPTS. 

FIRST SERIES. 

By ERNEST SPON. 



Bookbinding. 

Bronzes and Bronzing. 

Candles. 

Cement. 

Cleaning. 

Colourwashing. 

Concretes. 

Dipping Acids. 

Drawing Office Details. 

Drying Oils. 

Dynamite. 

Electro - Metallurgy — 
(Cleaning, Dipping, 
Scratch-brushing, Bat- 
teries, Baths, and 
Deposits of every 
description). 

Enamels. 

Engraving on Wood, 
Copper, Gold, Silver, 
Steel, and Stone. 

Etching and Aqua Tint. 

Firework Making — 
(Rockets, Stars, Rains, 
Gerbes, Jets, Tour- 
billons, Candles, Fires, 
LancesjLights, Wheels, 
Fire-balloons, and 
minor Fireworks). 

Fluxes. 

Foundry Mixtures. 



Synopsis of Contents. 

Freezing. 

Fulminates. 

Furniture Creams, Oils, 
Polishes, Lacquers, 
and Pastes. 

Gilding. 

Glass Cutting, Cleaning, 
Frosting, Drilling, 
Darkening, Bending, 
Staining, and Paint- 
ing. 

Glass Making. 

Glues. 

Gold. 

Graining. 

Gums. 

Gun Cotton. 

Gunpowder. 

Horn Working. 

Indiarubber. 

Japans, Japanning, and 
kindred processes. 

Lacquers. 

Lathing. 

Lubricants. 

Marble Working. 

Matches. 

Mortars. 

Nitro-Glycerine. 

Oils. 



Paper. 

Paper Hanging. 

Painting in Oils, in Water 
Colours, as well as 
Fresco, House, Trans- 
parency, Sign, and 
Carriage Painting. 

Photography. 

Plastering. 

Polishes. 

Pottery — (Clays, Bodies, 
Glazes, Colours, Oils, 
Stains, Fluxes, Ena- 
mels, and Lustres). 

Scouring. 

Silvering. 

Soap. 

Solders. 

Tanning. 

Taxidermy. 

Tempering Metals. 

Treating Horn, Mother- 
o*-Pearl, and like sub- 
stances. 

Varnishes, Manufacture 
and Use of. 

Veneering. 

Washing. 

Waterproofing. 

Welding. 



Besides Receipts relating to the lesser Technological matters and processes, 
such as the manufacture and use of Stencil Plates, Blacking, Crayons, Paste, 
Putty, Wax, Size, Alloys, Catgut, Tunbridge Ware, Picture Frame and 
Architectural Mouldings, Compos, Cameos, and others too numerous to 
mention. 
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Crown Svo, doth, 485 pages, with illustrations, 5x. 

WORKSHOP RECEIPTS, 

SECOND SERIES, 

By ROBERT HALDANE. 



Synopsis of Contents. 



Addimetry and Alkali- 
metry. 
Albumen. 
Alcohol. 
Alkaloids. 
Baking-powders. 
Bitters. 
Bleaching. 
Boiler Incrustations. 
Cements and Lutes. 
Cleansing. 
Confectionery. 
Copying. 



Disinfectants. 

Dyeing, Staining, and 

Colouring. 
Essences. 
Extracts. 
Fireproofing. 
Gelatine, Glue, and Size. 
Glycerine. 
Gut. 

Hydrogen peroxide. 
Ink. 
Iodine. 
Iodoform. 



Isinglass. 

Ivory substitutes. 

Leather. 

Luminous bodies. 

Magnesia. 

Matches. 

Paper. 

Parchment. 

Perchloric add. 

Potassium oxalate. 

Preserving. 



Pigments, Paint, and Painting : embracing the preparation of 
Pigments, including alumina lakes, blacks (animal, bone, Frankfort, ivory, 
lamp, sight, soot), blues (antimony, Antwerp, cobalt, cacruleum, Egyptian,, 
manganate, Paris, Peligot, Prussian, smalt, ultramarine), browns (bistre, 
hinau, sepia, sienna, umber, Vandyke), greens (baryta, Brighton, Brunswick, 
chrome, cobalt, Douglas, emerald, manganese, mitis, mountain, Prussian, 
sap, Scheele's, Schweinfurth, titanium, verdigris, zinc), reds (Brazilwood lake, 
carminated lake, carmine, Cassius purple, cobalt pink, cochineal lake, colco- 
thar, Indian red, madder lake, red chalk, red lead, vermilion), whites (alum, 
baryta, Chinese, lead sulphate, white lead — by American, Dutch, French, 
German, Kremnitz, and Pattinson processes, precautions in making, and 
composition of commercial samples — whiting, "Wilkinson's white, zinc white), 
yellows (chrome, gamboge, Naples, orpiment, realgar, yellow lakes) ; Faint 
(vehides, testing oils, driers, grinding, storing, applying, priming, drying, 
filling, coats, brushes, surface, water-colours, removing smell, discoloration ; 
miscellaneous paints — cement paint for carton-pierre, copper paint, gold paint, 
iron paint, lime paints, silicated paints, steatite paint, transparent paints, 
tungsten paints, window paint, zinc paints) ; Painting (general instructions, 
proportions of ingredients, measuring paint work ; carriage painting — priming 
paint, best putty, finishing colour, cause of cracking, mixing the paints, oils, 
driers, and colours, varnishing, importance of washing vehicles, re-varnishing, 
how to dry paint ; woodwork painting). 



London : E. & F. N. SFON, 126, Strand. 
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Crown 8vo, cloth, 480 pages, with 183 illustrations, 5/. 

WORKSHOP RECEIPTS. 

THIRD SERIES. 

By C. G. WARNFORD LOCK. 

TTniform witb. the First and Second Series. 

Synopsis of Costents. 



Alloys. 


Indium* 


Rubidium. 


Aluminium. 


Iridium. 


Ruthenium. 


Antimony. 


Iron and Steel. 


Selenium. 


Barium. 


Lacquers and Lacquering. 


Silver. 


Beryllium. 


Lanthanum. 


Slag. 


Bismuth. 


Lead. 


Sodium. 


Cadmium. 


Lithium. 


Strontium. 


Casium. 


Lubricants. 


Tantalum. 


Calcium. 


Magnesium. 


Terbium. 


Cerium. 


Manganese. 


Thallium. 


Chromium. 


Mercury. 


Thorium. 


Cobalt. 


Mica. 


Tin. 


Copper. 


Molybdenum, 


Titanium. 


Didymium. 


Nickel. 


Tungsten. 


Electrics. 


Niobium. 


Uranium. 


Enamels and Glaies. 


Osmium. 


Vanadium. 


Erbium. 


Palladium. 


Yttrium. 


Gallium. 


Platinum. 


Zinc. 


Glass. 


Potassium. 


Zirconium. 


Gold. 


Rhodium. 


1 
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WORKSHOP RECEIPTS, 

FOURTH SERIES, 

DEVOTED MAINLY TO HANDICRAFTS & MECHANICAL SUBJECTS. 
By C. G. WARNFORD LOCK. 

250 lUustrations, with Complete Index, and a General Index to the 

Four Series, 6s. 



Waterproofing — rubber goods, cuprammonium processes, miscellaneous 
preparations. 

Packing and Storing articles of delicate odour or colour, of a deliquescent 
character, liable to ignition, apt to suffer from insects or damp, or easily 
broken. 

Embalming and Preserving anatomical specimens. 

Leather Polishes. 

Cooling Air and Water, producing low temperatures, making ice, cooling 
syrups and solutions, and separating salts from liquors by refrigeration. 

Pumps and Siphons, embracing every useful contrivance for raising and 

supplying water on a moderate scale, and moving corrosive, tenacious, 

and other liquids. 
Desiccating — air- and water-ovens, and other appliances for drying natural 

and artificial products. 
Distilling — water, tinctures, extracts, pharmaceutical preparations, essences, 

perfumes, and alcoholic liquids. 

Emulsifying as required by pharmacists and photographers. 

Evaporating — saline and other solutions, and liquids demanding special 

precautions. 
Filtering — water, and solutions of various kinds. 
Percolating and Macerating. 
Electrotyplng. 

Stereotyping by both plaster and paper processes. 
Bookbinding in all its details. 
Straw Plaiting and the fabrication of baskets, matting, etc. 

Musical Instruments — the preservation, tuning, and repair of pianos, 
harmoniums, musical boxes, etc. 

Clock and Watch Mending — adapted for intelligent amateurs. 

Photography — recent development in rapid processes, handy apparatus, 
numerous recipes for sensitizing and developing solutions, and applica- 
tions to modem illustrative purposes. 
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